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(57) ABSTRACT 
A method for monitoring construction progress may include 
storing in memory multiple unordered images obtained from 
photographs taken at a site; melding the multiple images to 
reconstruct a dense three-dimensional (3D) as-built point 
cloud model including merged pixels from the multiple 
images in 3D space of the site; rectifying and transforming the 
3Das-built model to a site coordinate system existing within 
a 3D as-planned building information model ("as-planned 
model); and overlaying the 3D as-built model with the 3D 
as-planned model for joint visualization thereof to display 
progress towards completion of a structure shown in the 3D 
as-planned model. The processor may further link a project 
schedule to the 3D as-planned model to generate a 4D chro 
nological as-planned model that, when visualized with the 3D 
as-built point cloud, provides clash detection and schedule 
quality control during construction. 
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FIG. 17 
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FOUR-DIMIENSIONAL AUGMENTED 
REALITY MODELS FOR INTERACTIVE 
VISUALIZATION AND AUTOMATED 

CONSTRUCTION PROGRESS MONITORING 

REFERENCE TO EARLIER FILED 
APPLICATION 

0001. This application claims the benefit under 35 U.S.C. 
S119(e) of U.S. Provisional Patent Application No. 61/570, 
491, filed Dec. 14, 2011, which is incorporated herein by this 
reference. 

FEDERALLY SPONSORED RESEARCH 

0002 This invention was made with Government support 
under NSF Grant CMMI-0800500 by the National Science 
Foundation. The United States Government has certain rights 
in the invention. 

TECHNICAL FIELD 

0003. The present disclosure relates to algorithmic mod 
eling of structure site progression to monitor Such progres 
sion as compared to the final planned versions of constructed 
buildings, structures or manufactured products. More par 
ticularly, the present disclosure discloses modeling that uses 
a probabilistic model for automated progress tracking and 
visualization of deviations that melds both an as-planned 
building information model and an as-built model derived 
from unordered daily photographs. 

BACKGROUND 

0004. Accurate and efficient tracking of the as-built (or 
actual physical) status of structures being built has been 
repeatedly reported as a critical factor for Success of project 
control. Such information directly Supports progress moni 
toring and control and if automated can significantly impact 
management of a project. Despite the importance of progress 
monitoring, current methods for site data collection, process 
ing and representation are time-consuming and labor-inten 
sive. These methods call for manual data collection and 
extensive as-planned and as-built data extraction from struc 
tural drawings, schedules and daily construction (or build) 
reports produced by Superintendents, Subcontractors and 
trades foremen. Similar challenges arise in other fields of 
manufacture, including in the auto industry or other manu 
facturing industries. 
0005 Quality of the daily progress reports also highly 
depends on the data collected by field personnel which tends 
to be based on their interpretation of what needs to be mea 
Sured, the way it needs to be measured and the way it needs to 
be presented, and therefore, it may not reveal the actual 
impact of site circumstances on the construction project. For 
example, on a daily construction report Submitted by a dry 
wall contractor, it may be reported that framing was con 
ducted without specifying the amount of resources being 
used, the exact location of the work performed or the progress 
made. Even if progress is measured, it may be conducted in a 
non-systematic way and metrics may tend to be subjective. 
For example, a concrete subcontractor reports that 60% of the 
roof work is complete. This could mean 60% of the planned 
area/volume of concrete is placed, or that 60% of the planned 
labor-hours has been spent. Or, it may mean that 60% of the 
actual requirement has been completed. If the item being 
referenced is a small work unit, it may not have a significant 
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difference. However, in the case where the references are to 
the whole task, assumption of input/output proportionality 
could be very misleading. 
0006 Finally, progress-monitoring reports are visually 
complex. Decision-making for corrective control actions and 
revision of work Schedule typically takes place in contractor 
coordination meetings. A wide range of individuals with dif 
ferent areas of expertise and interests often attend these meet 
ings. In these face-to-face interactions, progress information 
needs to be easily and quickly communicated among the 
participants. However, none of the existing reporting methods 
(e.g., progress S curves, schedule bar charts and the like) 
easily and effectively present multivariable information (e.g., 
schedule and performance) nor do they intuitively reflect 
information pertaining to the spatial aspects of progress and 
their associated complexities. Existing representations cause 
a significant amount of information to be inefficiently pre 
sented in coordination meetings. As a result, extra time is 
often spent in explaining the context in which problems 
occurred rather than understanding the causes of the prob 
lems, evaluating alternatives to solve the problems and dis 
cussing corrective actions. Accordingly, prior methods make 
it difficult and expensive to gather, analyze, and visualize 
construction progress monitoring data (e.g., actual progress 
or as-built, expected progress or plan, and their deviations), 
which needs to be easily and quickly shared among project 
stakeholders. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0007. A more particular description of the disclosure 
briefly described above will be rendered by reference to the 
appended drawings. Understanding that these drawings only 
provide information concerning typical embodiments and are 
not therefore to be considered limiting of its scope, the dis 
closure will be described and explained with additional speci 
ficity and detail through the use of the accompanying draw 
ings. 
0008 FIG. 1 is a picture of the student dining (SD) hall 
construction project at the University of Illinois at Urbana 
Champaign, Ill. on Aug. 27, 2008. 
0009 FIG. 2 is a system diagram of data and processes in 
a proposed tracking, analysis and visualization system for 
executing the disclosed methods. 
0010 FIG. 3 is a series of images: (a) synthetic bird-eye 
view of the as-built point cloud model reconstructed; (b) five 
camera frustra representing location? orientation of a Superin 
tendent when site photographs were taken rendered; (c) one 
camera frustum is rendered and its location? orientation is 
visualized; (d) an as-built point cloud observed through cam 
era frustum (same camera as (c)); and (e) camera frustum 
textured visualizing photograph registered over the 3D point 
cloud. 

0011 FIG. 4 is a series of images showing point cloud to 
point cloud and point cloud to Building Information Model 
(BIM) registrations: (a) point cloud model reconstructed 
from 112 images from residence hall (RH) project (Aug. 20. 
2008); (b) point cloud model reconstructed from 160 images 
from RH project (Aug. 27, 2008); (c) superimposed point 
clouds with violet point cloudas (a) and orange point cloud as 
(b); (d) registration of BIM with point cloud in (b); (e) point 
cloud reconstructed from 288 images from SD project (Jul. 7, 
2008): (f) point cloud model reconstructed from 118 images 
from SD project (Jul. 24, 2008); (g) superimposed point 
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clouds with red point cloudas (e) and blue point cloudas (f); 
(h) registration of BIM with point cloud in (e). 
0012 FIG. 5 is a graphical representation of as-built site 
and camera configurations showing re-projections of the 
Voxel on camera frusta 1 and 2; marking for camera-1 shown 
on the left side; where the voxel is detected as Occupied; and 
where pixels shown as belonging to re-projection of the Voxel 
on all images are marked “1” 
0013 FIG. 6 is a diagram showing: (a) plan view of dis 
cretization of a scene to voxels along dominant axes, each 
Voxel with respect to displayed camera configuration is either 
occupied (Op), blocked (Bb) or empty (Eb); (b) image1 (II1) 
from camera configuration in (a) is shown, wherein proj1(v) 
displays the projection of voxel (v) from (a) over II1 which is 
marked (color coded different from unmarked voxel re-pro 
jections); and (c) progress versus unchanged observations. 
0014 FIG. 7 is a flow chart of Algorithm 1, as-built voxel 
labeling and image marking. 
0015 FIG. 8 is a flow chart of Algorithm 2, as-planned 
Voxel labeling and image marking. 
0016 FIG.9 is a flow chart of Algorithm3, tracking physi 
cal progress for an activity in the work Schedule. 
0017 FIG.10 is a series of images that illustrate the dense, 
as-built reconstruction for the same RH dataset presented in 
FIG. 4(b). 
0018 FIG. 11 is a series of images that represent the dense 
reconstruction of the SD dataset. 

0019 FIG. 12 is a series of images in which (a) and (d) 
illustrate the sparse structure-from-motion point cloud mod 
els, while (b) and (e) illustrate the dense point cloud which is 
the result of structure-from-motion and multi-view stereo; (c) 
and (f) illustrate the result of structure-from-motion, multi 
view stereo and Voxel coloring/labeling combined. 
0020 FIG. 13 includes (a) an image taken on the RH 
project dated Aug. 27, 2008; (b) range image generated for the 
expected intelligent frame correction (IFC) elements in 
which color-coding shows the ratio of depth along the camera 
line-of-sight compared to the rear foundation wall; and (c) the 
expected as-built progress Voxels detected and projected back 
on the image plane. 
0021 FIG. 14 are diagrams of: (a) the ratio of expected 
progress P(0, Im') to the expected observable regions, P(0.) 
for progress detection results from RH #1 experiment; and (b) 
the ratio of accuracy of detection to the percentage of visibil 
ity (1-occlusion). 
0022 FIG. 15 includes diagrams of (a) a precision-recall 
graph; and (b) the true positive/false positive graph for the 
progress detection model. 
0023 FIG. 16 is a series of images of: (a) visualized 
progress for RH project over the DAR (four dimensional 
augmented reality) environment; (b) semi-transparent view 
of RH progress from a camera view point; (c) RH progress 
detection results color-coded over the IFC-based BIM; (d) 
visualized progress for SD project over the DAR environ 
ment; and (e) semi-transparent view of SD progress from a 
camera view point. (f) SD progress detection results color 
coded over the IFC-based BIM. 

0024 FIG. 17 is a series of images showing: (a) and (b) 
false positive as the formwork should not be detected as 
evidence of progress; and (c) and (d) missed positive (false 
negative) as the wall should be detected for progress though it 
is severely occluded. 
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0025 FIG. 18 is a chart showing progress reported the RH 
construction schedule with a progress monitoring date of 
Aug. 27, 2008. 
0026 FIG. 19 shows various images exemplary of those 
are captured on a daily basis at a construction site. 
0027 FIG.20 is a system diagram of data and processes in 
a proposed DAR and visualization system. 
0028 FIG. 21 is a series of images, including a subset of 
ten images represented from the 160 image set captured by a 
field engineer while monitoring the Ikenberry Residence Hall 
(RH) project on a walkthrough along the sidewalk on Aug. 27. 
2008. 

0029 FIG.22 is a series of images taken on Aug. 27, 2008 
from Ikenberry Residence Hall projects in grayscale with 
Scale-Invariant Feature Transform (SIFT) feature locations 
visualized in cyan (show in greyscale as overlaid dots and 
dotted lines). 
0030 FIG. 23 is a graph of a number of SIFT features on 
the 160-image subsets taken on Aug. 27, 2009. 
0031 FIG. 24 is a graph showing: (a) the number of 
matched SIFT features between each image pair where both 
axes show the camera indices and the colored dots are visu 
alizations of the number of SIFT features in image pairs; and 
(b) and (c) respectively show the close-ups of 140 and 160 
subset before and after fitting fundamental matrix in an 
RANSAC (RANdom SAmple Consensus) loop. 
0032 FIG. 25 is a series of images showing visualization 
of point cloud models as well as registered image for four 
datasets as follows: (a) and (b), the point cloud model and a 
registered image generated from 112 images taken on Aug. 
20, 2008 from the RH project; (c) and (d), the point cloud 
model and a registered image generated from 160 images 
taken on Aug. 27, 2008 from the RH project; (e) and (f), the 
point cloud model and a registered image generated from 288 
images taken on Jul. 7, 2008 from the RH project; and (g) and 
(h), the point cloud model and a registered image generated 
from 118 images taken on Jul. 24, 2008 from RH project. 
0033 FIG. 26 is a series of images illustrating the 4D 
models visualized in the DAR environment, where the inter 
active user interface allows the schedule to be reviewed over 
a revision period and information be queried from the as 
planned model of the (a), (b) RH project; and the (c), (d) SD 
project. 
0034 FIG. 27 is a series of images showing: (a) registra 
tion of the 3D IFC model over an as-built point cloud model; 
(b) the DAR model generated for the RH project from an 
image point-of-view while the user has interactively yawed 
the viewing camera to the left; (c) another example of regis 
tration; (d) The same images as (c) is semi-transparent allow 
ing a see-through of the construction site to be observed 
0035 FIG. 28 is a series of images showing: (a) registra 
tion of the 3D IFC model over as-built pointcloud; (b) the 
D'AR model generated for SD project from an image point 
of-view while the user has interactively dragged the image to 
the left; and, while the scene is preserved, the accuracy of 
registration of 3D, pointcloud and image is illustrated; (c) 
another example of registration; (d) the same images as in (c) 
is semi-transparent, allowing a see-through of the construc 
tion site to be observed. 

0036 FIG.29 is a series of images showing: (a) a concrete 
circular column manually colored with red as behind-sched 
ule; (b) a column seen from a camera viewpoint while image 
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is fully opaque; (c) same viewpoint as that of (b) while image 
is semi-transparently rendered allowing a see-through on the 
element. 
0037 FIG. 30 is a series of images illustrating interactive 
Zooming, which captures high-resolution images along with 
the implemented, interactive Zooming that allows the quality 
of the finished surface to be studied remotely. 
0038 FIG. 31 are two images that: (a) illustrate how 
trench depth can be measured; and (b) visualize the founda 
tion work where the section that needs to be formed for 
concrete placement is color-coded in red (circled partingrey 
scale picture). 
0039 FIG. 32 illustrates a general computer system, 
which may represent any of the computing devices referenced 
herein. 

DETAILED DESCRIPTION 

0040. By way of introduction, the present disclosure dis 
closes: (1) generating as-built three-dimensional (3D) and 
four-dimensional (4D) (3D--time) point cloud models using 
low resolution images; (2) generating an augmented reality 
environment by Superimposing a building information model 
with the as-built point cloud model; and (3) automated 
progress monitoring using the building information model 
integrated with a 3D or 4D point cloud model. 
0041 While the present disclosure primarily focuses on 
application of the disclosed monitoring principles to the con 
struction industry, the principles are also equally applicable to 
other building and manufacturing industries as well and are 
intended to cover additional applications. For example, the 
disclosed embodiments may be applied to the automotive 
industry in being able to track the construction of an engine or 
an automotive chassis. Further by way of example, the cre 
ation of an airplane or any manufactured component could be 
tracked as disclosed herein. Finally, semiconductor chips 
have become more complex and oftentimes multi-layered and 
formed in stages. Accordingly, the present embodiments may 
also be applied to monitoring and ensuring complete creation 
of different phases of manufacturing a semiconductor chip. 
Any of these scenarios may be the Subject of building or a 
construction site as those terms are referred to herein. 
0042 Previous works have not implemented automated 
detection of progress deviations. The present disclosure intro 
duces Volumetric and dense reconstruction of an as-built 
scene grounded in image-based reconstruction in which a 
patch-based multi-stereo algorithm may be designed for 
building interiors that predominately consists of piece-wise 
planar Surfaces. The images may be widely distributed and 
have less overlap than previously required as the focus is to 
use the images that are already available on the construction 
sites to construct the as-built scene for comparison with the 
planned scene. 
0043 Cheap and high-resolution digital cameras, low cost 
memory and increasing bandwidth capacity have enabled 
capturing and sharing of construction photographs on a truly 
massive scale. For example, on a 200,000 square foot (S.F.) 
building project in Champaign, Ill., the construction manage 
ment team collects an average of 250 photos per day. Such a 
large and diverse set of imagery along with the photos con 
tractors and their subs take (about 25 photos per day for each 
work package) as well as the photos owner take (about 25-50 
photos per day), enable the as-built scene to be fully observed 
from almost every conceivable viewing position and angle 
during construction of the project. The availability of such 
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rich imagery, which captures dynamic construction scenes at 
minimal cost, may enable geometrical reconstruction and 
visualization of as-built models at high resolution, which may 
have broader impacts for the architecture, engineering, and 
construction (AEC) community. 
0044. In the meantime, Building Information Models 
(BIMs) are also increasingly turning into binding compo 
nents of AEC contracts. For example as of July 2009, Wis 
consin establishes itself as the first state requiring BIM mod 
els for public projects. In a recent survey, McGraw-Hill 
Construction (2009) reports that 49% of AEC companies are 
already using BIM, a growth of 75% from 2007. While the 
application of BIMs is increasing, Gilligan and Kunz (2007) 
reports that significant attention is placed towards project 
design and system clash detection. If linked with project 
schedules, BIMs can form detailed chronological models that 
allow four-dimensional (4D)—meaning three-dimensional 
(3D) plus a time-based dimension—clash detection and 
schedule quality control to be conducted. Furthermore, BIMs 
may serve as a powerful baseline for progress tracking as well 
as visualization of discrepancies. Application of these models 
during construction phase may be increased with the investi 
gation of further potential added values from integrating 
BIMs with as-built models. 

0045. Nonetheless, linking unordered photo collections 
with as-planned models for the purpose of monitoring con 
struction progress is challenging. First, such imagery is usu 
ally unordered, un-calibrated, with widely unpredictable and 
uncontrolled lighting conditions. Second, visibility order and 
occlusions should be considered for Successful alignment and 
measurements. In particular, one should account for two 
types of occlusions: (1) Static occlusions: self-occlusions 
caused by progress itself (e.g., a façade blocking observation 
of elements at interior) or occlusions caused by temporary 
structures (e.g., Scaffolding or temporary tenting); and (2) 
Dynamic Occlusions: rapid movements of construction 
machinery and workers during the time photographs are 
taken. Developing computer vision techniques that may 
effectively work with such imagery to monitor building ele 
ment changes has been a major challenge. 
0046. These challenges are addressed herein, and based on 
a priori information (4D BIM), a new approach for monitor 
ing as-built elements using unordered photographs is pre 
sented. First using Structure-from-Motion (SfM) techniques, 
an as-built point cloud model may be generated and photo 
graphs automatically registered. Subsequently, the as-built 
point cloud model may be registered over the as-planned 
model and improved by Multi-View Stereo (SVM). At this 
stage, a new Voxel coloring algorithm may be used to generate 
a volumetric reconstruction of the site, labeling different 
areas according to consistent visual observations while fully 
accounting for occlusions. The same labeling process may be 
conducted on the as-planned model to identify occupied and 
visible areas for progress monitoring. 
0047 Finally, a Bayesian probabilistic model may be 
introduced to automatically recognize progress deviations by 
comparing measurements of progress with dynamic thresh 
olds learned through a Support Vector Machine (SVM) clas 
sifier. Not only does this model quantify progress automati 
cally, but it also accounts for occlusions and recognizes if 
reconstructed building elements are missing because of 
occlusions or because of changes. This makes the presented 
model the first probabilistic model for automated progress 
tracking and visualization of deviations that melds both as 
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planned models and unordered daily photographs in a prin 
cipled way. The presented model may use existing informa 
tion without adding the burden of explicit data collection on 
project management teams. Herein, this model may be vali 
dated through tracking and visualizing progress on two build 
ing projects. 
0048 Underlying Hypotheses for Automated Physical 
Progress Monitoring 
0049. The detection of progress deviations may be based 
on a priori information Such as available in a 4D Building 
Information Model (BIM), as well as daily construction pho 
tographs. Suppose interest in monitoring progress of “form/ 
pour/strip (FPRS) basement concrete columns' activity. In 
the proposed approach, the Work Breakdown Structure for 
the 4D model may be governed by the level of detail presented 
in the schedule; i.e., if FPRS of all the basement concrete 
columns are linked to this activity, all those elements will turn 
into a base line for tracking progress and progress for those 
will be reported in a mutually independent fashion. In other 
terms, it may be assumed that the construction operation 
sequence (i.e., workflow) within any given activity is 
unknown. Secondly, progress may be defined as the observa 
tion on the day placement of an element is expected and 
operational details (e.g., forming stage of columns) may not 
be considered. The formulation presented in this paper may 
account for operational details. 
0050 Currently, a superintendent or a field engineer walks 
around the site all day, every day to observe progress from all 
possible viewpoints. Subsequently, these measurements are 
compared with paper-based plan information (e.g., construc 
tion drawings and Schedules), and deviations are reported 
back to the project manager. It is assumed that at several 
stages of this observation, site images are captured to visually 
document the work progress. Since these images are collected 
from different viewpoints and lighting conditions, they chal 
lenge any vision-based system by: (1) generating Swift inten 
sity changes within a short distance of the image; and (2) 
generating two types of occlusions. These two types of occlu 
sions include: (a) static occlusions, or self-occlusions caused 
by progress itself, e.g., a façade blocking observation of 
progress at interior, or occlusions caused by temporary struc 
tures, e.g., scaffolding or temporary tenting; and (b) dynamic 
occlusions, which include rapid movements during the time 
photographs are taken, e.g., movement of construction 
machinery and crew. 
0051 FIG. 1 highlights the technical challenges of a 
vision-based progress monitoring system, showing different 
areas of a construction site with various real-world issues due 
to passage of time, including areas categorized as: visible 
unchanged, occluded changed, occluded unchanged, visible 
changed, which may be observed under static occlusion 
(progress on the project itself), dynamic occlusion (move 
ment of equipment and workers) and shadows. 
0052. In regards to the as-planned model, it may be 
assumed that (1) an intelligent frame correction (IFC)-based 
BIM is generated based on the most updated construction 
drawings. ASIS (Architect’s Supplemental Instructions), 
RFIs (Requests for Information), RFPs (Requests for Pro 
posal) or change orders are reflected in the revised plan 
model; (2) the most updated project schedule may be used to 
generate the underlying 4D model. For the as-built model, it 
may further be assumed that the photographs are all collected 
on one particular day or in a short period of time (e.g., a 
couple of days) where no significant progress is made in 
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construction. In the proposed approach there is no need to 
infer temporal order from images. Rather, Such information 
may be automatically extracted from exchange image file 
format (EXIF) tag of JPEG images (available in all cameras). 
Finally, for registration of as-planned and as-built models, it 
may be assumed that at least three distinct control points are 
available so that the as-planned model may be Superimposed 
with the as-built sparse point cloud model. Finally, it is pre 
sumed that there will be a registration error, and that error 
needs to be considered in the formation of the monitoring 
module. 
0053. Overview on the DAR Progress Visualization and 
Automated Monitoring 
0054 FIG. 2 is a block diagram and data flow of a system 
200 for tracking, processing, analyzing and visualizing the 
aggregation of daily construction photographs, IFC-based 
BIM as well as a construction schedule to generate the DAR 
models and to automatically measure progress deviations. 
The system 200 may include several modules or processors, 
including but not limited to a number of process modules 
executable by a processor and Software code within a com 
puter system, and databases showing aggregation and flow of 
data within the computer system. The computer system may 
be distributed across multiple computing systems, as may be 
the databases that provide for data flows between modules. 
After discussing an overview of the system 200, some of the 
process and data flow of FIG. 2 may be described in more 
detail. 
0055. The system 200 may include a digital image data 
base 204, a building information model (BIM) database 208 
and a construction schedule database 212. Daily photographs 
taken at a construction site may be uploaded and stored in the 
digital image database 204 to be provided to a structure-from 
motion (SfM) processor 214. Data from the BIM model data 
base 208 and the construction schedule database 212 may be 
provided to a 3D and schedule integrator 230, which with the 
help of the user, may schedule different phases of a construc 
tion project over time with respect to different milestones to 
be completed within three dimensions of a construction site, 
and thus generate a 4D as-planned model of the site. The 
fourth dimension is considered the passage of time. 
0056. The 3D and schedule integrator 230 may generate a 
4D as-planned model of the construction project, data for 
which may be stored in a 4D as-planned model database 230. 
The schedule may be fused into the IFC-based BIM by manu 
ally linking image elements to activities and creating a 4D 
baseline model for progress monitoring. 
0057 The SfM processor 214 may apply an SfM algo 
rithm to the digital image data and generate a sparse 3D 
model, data for which may be stored in a sparse 3D model 
database 234, and camera parameters, data for which may be 
stored in a camera parameters database 238. Data from the 
sparse 3D model and camera parameters may be Supplied to 
a Euclidean registrar 246 for registering the sparse 3D model 
within the system 200. Using SfM techniques, the SfM pro 
cessor 214 may generate an underlying 3D geometry for the 
as-built scene that sets a baseline for visual navigation 
through registered imagery in the scene. Generation of the 3D 
geometry and creation of the as-built scene may be completed 
by the SfM processor 214 calculating camera pose (e.g., 
location, orientation, and field of view) and the Euclidean 
registrar 246 calculating sparse 3D Cartesian coordinate 
information of the as-built model. The Euclidean registrar 
246 may then superimpose the 3D IFC-based BIM with the 
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integrated as-built point cloud and camera model (camera 3D 
positions and viewing directions). 
0058 For example, the Euclidean registrar 246 may create 
a Euclidean sparse 3D model that may be stored in a Euclid 
ean sparse 3D model database 264 and Euclidean camera 
parameters that may be stored in a Euclidean camera param 
eters database 268. These two sets of data may then be fed into 
a voxel processor 274 configured to execute a multi-view 
stereo (MVS) algorithm 276 to improve density of the recon 
struction. 
0059. The results of the MVS algorithm may be placed 
into an as-built voxel coloring and labeling algorithm 278 
developed to get a dense reconstruction of the as-built site and 
label scene for as-built occupancy. The voxels processor 274 
may send as-built voxel colored/labeled image data to be 
stored in an as-built, labeled voxels database 284. The as 
built, labeled voxels may include categories of occupied (O); 
empty (E); and blocked (B). 
0060 Executing a similarly structured voxel-coloring 
algorithm, an as-planned voxel colorer and labeler 280 may 
label the 4D as-planned scene for occupancy and visibility, 
data for which may be saved in an as-planned, labeled Voxels 
database 288. The as-planned, labeled voxels may be catego 
rized as occupied (O) and visible (V). 
0061 These two labeled, as-built and as-planned spaces 
may be fed into a Bayesian model and used to assess progress 
through a Support Vector Machine (SVM) classifier 290. 
Finally, the detected as-built elements, camera parameters 
plus 4D BIM may be stored in a detected dense 3D as-built 
model database 295 and be fed into a four-dimensional aug 
mented reality (DAR) viewer 270 to visualize the as-built 
and as-planned models, and to visualize progress deviations 
in an integrated fashion. In the following sections, the SVM 
and other steps designed for progress tracking are presented. 
0062 Reconstructing Underlying As-Built Representa 
tion Using Structure-from-Motion 
0063 Recently, the inventors sparsely reconstructed and 
visualized the as-built scene from unordered daily photo 
graphs. The work is based on a SVM technique (276) to 
automatically reconstruct an as-built point cloud model from 
a set of images (no manual intervention at any stage). Execu 
tion of the SVM algorithm may include the following steps: 
(1) analyzing images and extracting Scale-Invariant Feature 
Transform (SIFT) feature points from images; (2) matching 
image features across the image set; (3) finding an initial 
solution for the 3D locations of these features points, calibrat 
ing cameras for an initial image pair and reconstructing the 
rest of the observed scene plus estimating motion of the 
cameras based on a bundle adjustment algorithm; and (4) 
registering point cloud models that are generated for each day 
to build a 4D as-built model that includes the passage of time. 
0064. To present how these steps are formed, two sets of 
112 and 160 images were chosen that were taken on Aug. 20 
and Aug. 27 of 2008 during construction of the Ikenberry 
Residence Hall (RH) in Champaign, Ill. In both cases, a field 
engineer causally walked along the sidewalk of the project 
and took images within a few minutes. FIGS. 3(a) and 3(b) 
represent the sparsely reconstructed Scene from the same 
image Subset and illustrate five registered cameras in the 
D'AR environment. Once a camera is visited, the camera 
frustum may be texture-mapped with a full resolution of the 
image so users (i.e., owner, project executive, or the architect) 
can interactively Zoom in and visually acquire information on 
progress, quality, safety and productivity as well as work 
space logistics of a construction site. FIGS. 3(a) and 3(b) 
visualize the as-built point cloud model from synthetic views. 
FIG. 3(c) shows location of a camera frustum. FIG. 3(d) 

Jun. 20, 2013 

shows the site through the same camera viewpoint. FIG.3(e) 
demonstrates the image textured on a viewing plane of the 
CaCa. 

0065 Aligning the As-Built and As-Planned Models 
0066. In order to align the as-built point cloud model with 
the as-planned model, transformation between these two Car 
tesian coordinate systems may be found. For alignment of an 
as-built point cloud model that is reconstructed from photos 
collected at a time (t), an as-planned model that shows 
progress up to time (to) (tost) may be used. The alignment 
transformation may be formed as a rigid-body motion and 
hence may be decomposed into rotation and translation. In 
SVM, however, the scale may be unknown. In addition, the 
point cloud model produces a significantly large number of 
points that do not belong to the building model itself (e.g., 
generated from the façade of surrounding buildings, machin 
ery, or even people and plants on or around the site). Further, 
the vertices extracted from the as-planned model are also very 
sparse and thus may not reveal a good representation of the 
expected progress. Therefore, in the proposed approach, the 
users may be allowed to select a set of corresponding control 
points from the as-built point cloud or the registered imagery 
and have those associated with the as-planned model. These 
points could be Surveying control points or a set of points that 
represent the geospatial location of the site. In the case studies 
presented herein, these points are mostly chosen from corners 
of the foundation walls and columns as their detection and 
correspondence may be visually easier. 
0067. The unknown uniform scaling adds one more 
degrees of freedom to the original transformation problem 
(overall 7 Degrees Of Freedom (DOF)). Therefore, three 
points known in both coordinate systems may be theoretically 
Sufficient to permit determination of these seven unknowns. 
In practice, however, these measurements are not exact; and, 
if more than three points are used, greater accuracy may be 
sought. By adding additional points, instead of directly solv 
ing the transformation that exactly maps the measured coor 
dinates of points from one system into the other, the sum of 
squares of residual errors may be minimized. Let there ben 
points from an as-planned and as-built model for registration. 
The points in these coordinate systems may be denoted by 
{r} and {r}, respectively, where i is the number of corre 
sponding points which ranges from 1 to n, and r be the 
Cartesian coordinates of the as-built and as-planned model, 
respectively. The transformation has the following form 
Equation (1): 

r=SR(r)+T (1) 

where s is a uniform scale factor, T is the translational offset 
and R(r) is the rotated version of the planned model. Mini 
mization of the Sum of the squared errors is formulated as: 

0068 To solve for this transformation, a closed-form solu 
tion provides a least square problem of absolute orientation. 
The error (Ae) can be measured in mm using the following 
formula, Equation (3): 

Aenn woCD.mxAepixel/aixels (3) 

where Ae is the error in pixels, was is the image width 
in pixels and finally wo, is the CCD (Charged Coupled 
Device) width of a camera in mm. Images used in the as-built 
reconstruction module do not necessarily need to be shot with 
the same camera. Rather, for each image (and/or camera), the 
focal length and the CCD width may be initialized for the 
SVM process through extracting the EXIF tag of JPEG 
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images. Later on, the focal length may be accurately calcu 
lated through the Bundle Adjustment stage. In the proposed 
approach and the developed system, the user may only need to 
initially register the as-planned and as-built models. From 
then after, any new point cloud model may only need to be 
registered to the underlying point cloud models. In order to 
automatically register several point clouds, an Iterative Clos 
est Point (ICP) algorithm that may also solve for scale is 
developed. For initialization of the ICP algorithm, Scale 
Invariant Feature Transform (SIFT), feature key points from 
the previous as-built reconstruction may be used. 
0069. The ICP algorithm and SIFT method may automati 
cally find a random set of points from each point cloud model 
and automatically align the new point cloud model to the 
former one, in turn having the new point cloud model regis 
tered with the as-planned model. This generates 4D as-built 
point cloud models wherein the user can navigate the as-built 
scene both spatially and chronologically. The 4D as-built 
point cloud models registered with the 4D as-planned models 
also enable the expected and the actual project schedules to be 
compared. 
0070 FIG. 4 shows eight snapshots from the two case 
studies: RH (Residence Hall FIGS. 4(a) through 4(d) and 
SD (Student Dining FIGS. 4(e) through 4(h)) construction 
projects. In FIGS. 4(a) and 4(b), the 3D point clouds are 
reconstructed using 112 and 160 photographs collected from, 
respectively, outside of the RH basement along the side-walk 
and in FIGS. 4(e) and 4(f) the 3D point clouds are recon 
structed using 288 and 118 photographs collected from, 
respectively, inside and around the SD basement. Finally, in 
FIGS. 4(d) and 4(h), registration of IFC-based BIM with a 
point cloud model in FIGS. 4(b) and 4(e) is visualized. Table 
1 reports high accuracies for both point cloud/point cloud and 
point cloud/BIM registrations. In the disclosed approach, the 
registration accuracy may be insensitive to how the control 
points are selected. Since usually more than the minimum 
number of control points (three) is selected, such interactive 
selection errors are minimized. 

TABLE 1. 

Registration errors measured on reconstructions shown in FIG. 4. 

BIM- BIM 
RH point cloud point cloud Point clouds (a) 

Project Test Case # (4-a) (4-b) and (b) 

ImageSize 2144 x 1424 1715 x 1139 
RHii.2 # of feature 62,323 43,400 

points 
RH#3 # of corresp. 7 7 Randomly chosen 

Points by ICP 
Aeran 0.20 mm 0.65 mm 0.43 mm 

BIM- BIM 
SD point cloud point cloud Point clouds (e) 

Project Test Case # (4-e) (4-f) and (f) 

ImageSize 2144 x 1424 2573 x 1709 
SD #1 # of feature 61,638 31,661 

points 
SD #2 # of corresp. 9 9 Randomly chosen 

Points by ICP 
Aeran O.73 mm 0.69 mm O.70 mm 

0071 Automated Progress Monitoring Problem Setup and 
Notation 
0072. In order to detect progress, the integrated as-built 
and as-planned scene (S2) may be discretized into a finite set 
of opaque Voxels (Volume element in space) along the domi 
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nant Euclidean axes. This discretization is in form of nox 
n,ö,xne, wherein each voxel (v) occupies a finite homog 
enous Volume of the scene (6,6,8) and has a consistent visual 
appearance. This approach enables and Supports progress 
reasoning in Small Volumes of space. In the proposed model, 
Voxels may be assumed to be equilateral; therefore, the reso 
lution of the voxel grid may be determined by 8. Given an 
image II, proj, (v) may be used to denote the re-projection of 
the Voxel over the image i. The eight defining corners of each 
voxel may be projected into the image 2D plane. Next, the 
bounding values for each axis may be kept to form the 2D 
re-projection bounding box. The following formulas may be 
used to represent this transformation: 

(4) 
ii. 

ven.- 1 = K, RT 
k 

proi (V) = min(uk, Vk) ... max(uk, Vk) (5) 

wherein k is the index of the voxel corners, and K. R., and T, 
are the intrinsic camera parameters, rotation and translation, 
respectively, of the camera i in the scene. 
0073 Voxel Traversing and Labeling 
0074 The next step may be to traverse the integrated as 
built and as-planned scene. In this process, each voxel may be 
assigned two sets of labels (as-built and as-planned) as well as 
a color. Within this step, the expected and actual progress of 
each Voxel is sensed. The system may need to traverse the 
Voxels in a certain order; otherwise, the reconstruction results 
may not be unique. In order to address this issue, an ordinal 
visibility constraint may be introduced to allow locating cer 
tain invariant VOXels whose colorings are uniquely defined. 
Rather than only using this constraint to address uniqueness 
of the solution, the proposed approach finds the Voxels that 
are occupied by as-built and as-planned components and are 
visible from the set of cameras (i.e., observable progress). As 
a result of this constraint, Voxels are traversed in an increasing 
distance from the set of cameras. 
0075 First, the voxels in the layer immediately adjacent to 
the camera may be visited; then all voxels that are in the next 
layer immediately adjacent to the first layer may be visited. 
Using this approach, when a voxel is visited, all other Voxels 
that can occlude the current one from the set of cameras may 
already be visited. This strategy proactively considers static 
and dynamic occlusions from the set of cameras and labels 
and colors each voxel based on a consistent visibility from 
projections of a Voxel on all images. 
0076. Before traversing the scene, the integrated as-built 
and as-planned scene may be transformed to a new coordinate 
system wherein the axes are aligned with the dominant axes 
of the as-planned site. This may minimize the search space, 
since reasoning for expected progress may only need to be 
executed in areas in which observable progress is expected. 
To consider for ahead-of-schedule activities, this area may 
only contain those BIM components that are expected to be 
observed from the 3-week look-ahead schedule; i.e. (1) the 
work breakdown structure is more detailed; (2) the elements 
that are not yet constructed has a Smaller chance of self 
occluding the as-planned model. 
0077. Thus, the scene may be traversed from the closest 
Voxel to the convex hull of the cameras (rough approximation 
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of the scene boundaries) in a plane normal to the convex hull 
and eventually in a front-to-back order. See FIG. 5, axis 1 to 
3 directions. In the case where the camera goes all around the 
building, the Voxels may be analyzed in an increasing dis 
tance from the set of cameras. All the voxels that are in the 
layer immediately adjacent to the camera convex hall are 
visited. Subsequently, all the voxels in the next layer imme 
diately adjacent to the first layer may be analyzed. This pro 
cess is repeated until all voxels are visited. In this case, where 
the cameras are all looking outward in a similar fashion, the 
Voxels that are in the layer immediately adjacent to the cam 
era convex hall may be first visited. Subsequently, voxels in 
the Succeeding layers adjacent to the first layer may be ana 
lyzed layer by layer. As the algorithm marches through the 
voxels, the visibility constraint may be verified. The labeling 
process may occur as follows: For every voxel (v.) in the 
scene, two sets of labels lov) may be defined: (1) as-built 
and (2) as-planned labels. For each image, a marking board 
may also be generated where each pixel is initially marked 
with “0” and when a pixel satisfies the consistent visibility 
constraint, the pixel label may be changed to “1,” 
0078 As-Built Labeling. 
007.9 For the as-built scene, the algorithm may first check 
ifa voxel already contains reconstructed SIFT or MVS points. 
In this case, that Voxel is labeled as Occupied (O), and may 
be subsequently projected on all images that observe that 
Voxel Equations (4) and (5) and if the re-projection (i.e., the 
boundaries of the voxel projection) falls within the image 
boundaries, then the pixels inside the projected voxel will all 
be marked as “1” See Equation (6). 

wn, n e proi (vi), Mark (m, n) = 1 

- w/ 2 
wie C1, ... , C, if proj(vi) e proj(vi) { -hf2 

0080. If a voxel does not contain reconstructed SIFT or 
MVS points (which is more often the case), the visual con 
sistency may be controlled. In the absence of noise or quan 
tization effects, an occupied as-built voxel that is at least 
partly visible from an image may have an equal radiance on 
all projected pixels. In presence of these effects, correlation of 
pixel radiances may be evaluated to quantify Voxel consis 
tency: 

= (n-1)SD (7) 

where SD is the standard deviation of color values, O, is the 
accuracy of irradiance measurement (sensor color measure 
ment error), and n is the number of images that observe the 
Voxel. If w is less than a maximum allowable correlation 
error (thresh), that voxel may be labeled as visually consistent 
(O); then the labeled voxel may be projected on all observing 
images and the pixels associated with the Voxel on the mark 
ing-board may be labeled accordingly. In the conducted 
experiments, there may be a minimum allowable number of 
re-projected pixels for each voxel from all images (nd20 
pixels). If the consistency control on the pixel radiances is not 
satisfied, the voxel may be labeled as Empty (E), and finally, 
if the condition on the minimum allowable number of pixels 
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is not satisfied, e.g., the Voxel may be occluded from all views 
and hence the voxel is denoted as Blocked (B). In the experi 
ments conducted for this paper, thresh was set to 1. This 
threshold is computed through a trade-off on completeness 
Versus accuracy for as-built reconstruction. The strategy of 
marking Voxel projections by generating a marking-board for 
each image accounts for both complete and partial occlu 
S1O.S. 

I0081. This process has at least three outputs. First, all 
voxels may be labeled in the as-built model as O.E.B. 
(visually consistent (occupied), empty or blocked), enabling 
reasoning about presence of full and partial occlusions (both 
static and dynamic). Second, a dense point reconstruction 
may be created through joint visualization of the sparse point 
cloud and the centroid of all occupied voxels. Third, the 
as-built range images may be created based on observations. 
FIG. 6(a) shows a plan-view of voxel labeling while in 6(b) 
re-projected voxel shown in 6(a) is marked on the image as 
proj, (v). In FIG. 6(c), the unchanged versus progress obser 
vation concept is visualized. FIG. 7 summarizes the as-built 
occupancy/visibility labeling and marking algorithm, Algo 
rithm 1. If a Voxel contains at least one feature point or has 
consistent visual appearance, it will be labeled as occupied 
where 20 is the minimum number of unmarked pixels 
expected per projection of each voxel. 
I0082 As-Planned Labeling. 
I0083. The as-planned model by itself accounts for static 
occlusions. Nonetheless, in order to consider dynamic occlu 
sions, the non-overlapping areas of the as-built scene (e.g., 
reconstruction of excavators, temporary structures) are 
placed over the corresponding as-planned Voxels. The as 
planned scene is traversed in a similar fashion to that of the 
as-built. Hence, if a voxel has at least one of its corners inside 
an IFC element, that voxel may be labeled as Occupied (Ol. 
Subsequently the Voxel may be projected on all images that 
observe it and the corresponding pixels on a similarly gener 
ated as-planned marking-board may be marked with “1. In 
this case, the depth value of each Voxel is kept as another 
marking layer for the image. 
I0084. Based on location and depth of all IFC elements, the 
disclosed as-planned labeling strategy automatically gener 
ates as-planned depth maps and segments images into visible 
IFC elements. In case of non-overlapping as-planned and 
as-built areas, the consistency from the as-built marking layer 
is controlled. Those voxels that pass the consistent visibility 
check may be projected on the images and their correspond 
ing pixels may be marked. This projection may further con 
sider occlusions because ifa Voxel projection contains a mini 
mum number of unmarked pixels, than the Voxel can be 
labeled as Visible IV.). As mentioned previously, in the pro 
posed model, all labels are independent from one another and 
are marked with binary values (either 1 or O). In addition to 
labeling Voxels, image pixels may also be marked so that if a 
pixel is observed, the pixel is labeled with 1 and if not 
observed, remains as 0. See FIG. 5, left side. Such labeling 
enables reliable and consistent reasoning about progress in 
full and partial visible areas. FIG. 8 summarizes the 
as-planned occupancy/visibility labeling and marking algo 
rithm, Algorithm 2. If a voxel is filled by an IFC element, it 
will be labeled as occupied and if it is observable from at least 
one camera, it may be marked as Visible where 20 may be the 
minimum number of unmarked pixels expected per projec 
tion of each Voxel, for example. 
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I0085 Probabilistic Model for Progress Detection and Dis 
criminative Learning 
I0086 Once partial visibility and occlusion as well as the 
as-built and as-planned occupancies are labeled across the 
scene, the progress detection may be formulated. In the pro 
posed progress detection model, progress (observation per 
expected as-planned elementi) may beformulated as a binary 
value (E): E=1 if progress is detected and E=0 if not. First, 
for the purpose of generating a proper baseline for progress 
monitoring, and given the underlying level of detail in the 4D 
BIM, the underlying IFC-based 4D BIM may be broken down 
into several independent elements. 
I0087. For example in case of “FPRS basement concrete 
columns' activity, the progress detection algorithms may 
need to check the observation of expected columns attached 
to this activity (Elementsias E). Assume that each element E 
attached to this activity includes n voxels. A set of probability 
events may be introduced. For example, within a given Vol 
ume in the scene ((),): let m be the event of observing an 
as-built element (any tangible physical element), 0, be the 
event of observing as-planned element and 0, be the event 
that an as-planned element is expected to be observed from 
the 4D as-planned model. The probability of observing 
progress for element E' associated with a given scheduled 
activity (duration in days) may be defined as a conditional 
probability of the form: 

P(0, n)P(n) (8) P(8) = (n' I (9) P(0) 

I0088 where P(0'm) is the probability of observing the 
expected as-planned element given some evidence of occu 
pancy: P(m') is the probability of observing the as-built ele 
ment (a function of confidence in coloring and labeling of the 
Voxel, as well as those occupied Voxels that belong to the 
as-built element—the current system assumes this is equal to 
“1”); and P(0') is the probability of observing the expected 
progress for element i. For each element under an ideal situ 
ation, where there is no occlusion and no partial visibility, 
each of these probabilistic values can be directly measured; 
however, since occlusions are predominant, these probabili 
ties need to be measured within the expected volume of 
observable progress. In this case, each of these probabilities 
may be computed as follows: 
0089. For the as-built: 

(9) XO, 

0090. For the as planned: 

(10) 

(11) 
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0091 where P(0.) is the expectation of observable 
progress for elementi (percentage of visibility from the cam 
era set), d is the total duration of construction activity, t 
represents the t day within this duration (d), and V is the 
volume of the expected as-built element. In other words, 
Equation (9) represents the percentage of Voxels that are 
occupying the expected visible voxels for the element i; 
Equation (10) measures the percentage of those voxels that 
are expected to be occupied and are visible; and finally Equa 
tion (11) is representing the Volumetric percentage of 
progress for those cases in which monitoring is conducted 
during the time the element is expected to be completed and 
is not finished. 
0092. In order to classify progress E and under the condi 
tion of partial visibility of a given as-planned element, 
P(m'0') should be compared with a threshold Choosing an 
optimal value for the threshold for each element may be 
problematic. For example, given a 10% probability for 
observing progress P(0.) and 25% for observing as-planned 
elements given an evidence of occupancy P(0m), measure 
ment of P(m'0') may be susceptible to noise and inaccuracy 
in reconstruction. Therefore, Such a measurement perhaps 
may not be reported as detected progress. This selection of 
threshold is particularly difficult, because (1) to achieve a 
desired accuracy, for different element types with different 
materials, different thresholds should be used; and (2) 
progress monitoring task with partial visibility is subjective 
by nature and may need an expert's opinion as to whether it 
has taken place or not. Thus a machine learning methodology 
may be used to estimate such dynamic thresholds in a prin 
cipled way. The threshold (P) may be expressed as: 

0093 where t is construction activity duration from t=0 to 
d, T, is the element type (e.g., column, beam, foundation), 
p(t) is the visual appearance of the element i (e.g., concrete, 
formwork, steel), 8 voxel resolution, thresh the voxel consis 
tency threshold, and er and er are the accuracy in regis 
tration of as-planned model over point cloud model and the 
accuracy of underlying reconstruction pipeline. 

TABLE 1 

Registration errors measured on reconstructions shown in FIG. 4. 

BIM- BIM 
RH point cloud point cloud Point clouds (a) 

Project Test Case # (4-a) (4-b) and (b) 

ImageSize 2144 x 1424 1715 x 1139 
RH#2 # of feature 62,323 43.400 

points 
RH#3 # of corresp. 7 7 Randomly chosen 

Points by ICP 
Aenn 0.20 mm 0.65 mm 0.43 mm 

BIM- BIM 
SD point cloud point cloud Point clouds (e) 

Project Test Case # (4-e) (4-f) and (f) 

ImageSize 2144 x 1424 2573 x 1709 
SD #1 ii of feature 61,638 31,661 

points 
SD #2 # of corresp. 9 9 Randomly chosen 

Points by ICP 
Aenn O.73 mm 0.69 mm O.70 mm 

0094 Forsake of simplicity at this stage, as shown in Table 
1, it may be assumed there are minimal errors in (1) as-built 
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and as-planned registration, and (2) the underlying module 
for as-built reconstruction. The threshold P may be learned by 
casting the problem into a linear classification problem; that 
is, by learning the hyper-plane that separates the two classes 
in a multi-dimensional feature space. The feature space may 
be defined by P(n'10'), 0.(t), t/d, T., p(t), 8, and thresh. The 
two classes may include progress=1 and no-progress-0. The 
optimal hyper-plane that separates the two classes may be 
learned in a Supervised fashion using a linear Support vector 
machine (SVM). Once the classifier is learned, given a new 
observation (that is a measurement of progress P(m'0')) 
along with the measured features, (0'(t), t/d, T., (t), Ö, and 
thresh), the progress binary value may be determined by 
feeding observation into the classifier and retaining the out 
put. 
0095. The progress deviations at individual element level 
may be expanded to represent deviations at Schedule activity 
level. Progress for a given schedule activity which is linked to 
in mutually independent elements in the IFC-based BIM may 
be formulated as: 

where P{m'; i=1 ... n.10"; i=1 . . . n} is the probability of 
observing progress for a schedule activity, given its mutually 
independent sequence conditions (e.g., construction of col 
umn-slab; column-column and column-wall are considered 
mutually independent). In this case, progress is formulated as 
Equation (14). 

XE X V. (14) 

q = xy. 

where V, is the volume that is expected to be observed and 
occupied for each element associated with the construction 
schedule activity. FIG. 9 summarizes progress detection pro 
cess for each construction schedule activity. 

EXPERIMENTS AND RESULTS 

0096. In order to verify the robustness of the proposed 
reconstruction pipeline, and 
0097 validate the automated progress detection module, 
three different experiments are conducted. The image 
datasets for these experiments were collected under different 
viewpoint and lighting conditions. These datasets are two 
photo collections of 112 and 160 images from the RH project 
and a 288-image dataset from a Student Dining (SD) project. 
In both RH project datasets, a significant amount of occlusion 
is observed since the images were not taken from inside the 
basement area. Rather, the images were all taken along a 
sidewalk of the project. See locations of the camera frusta in 
FIG.3(b). The spatial resolutions of these images were syn 
thetically reduced to about 2M pixels to test robustness of the 
proposed approach to the quality of images. The Voxel reso 
lution was initially setto /s foot (-0.06 m). The IFC-based 4D 
BIMs for RH and SD projects have relevant schedule activi 
ties that are connected to 152 and 321 elements respectively. 
See FIG. 15 for the relevant part of the RH project schedule. 
FIGS. 10(a) through 10(d) and FIGS. 11(a) through 11(d) 
illustrate the results of dense reconstruction for the case pre 
sented in FIG. 4(b)(RH160) as well as the SD project. All the 
Snapshots in this case are taken from Synthetic views in a 
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three-dimensional (3D) virtual environment (none of these 
views exist in an image dataset; rather each is a result of 
synthetic 3D visualization). 
0098 FIG. 12 illustrates the distinct contribution of the 
MVS as well as voxel coloring/labeling algorithms on the 
density of the as-built point cloud models. Compared to 
MVS, the impact of voxel coloring/labeling in increasing the 
density of the point cloud is marginal (-5-20%), though it 
enables the scene and all voxels to be labeled both for 
expected and actual occupancy and visibility. 
0099 FIG.13 shows the results of traversing, labeling, and 
re-projecting detected areas of as-built and as-planned envi 
ronments. For the same image plane shown in FIG. 13(a), 
range images for both as-planned and as-built environments 
are generated. Based to the depth from the camera plane, FIG. 
13(b) illustrates the re-projection of voxels occupied by the 
IFC elements. In order to visualize the depth, a color-coding 
scheme is represented where depth is visualized in relation 
ship to the furthest elements from the camera plane (in this 
case, the rear foundation wall). In FIG. 13(c), the consistently 
observed as-built voxels are re-projected back. A combina 
tion of FIGS. 13(b) and 13(c) allows specific areas within 
each image—where IFC-elements are Supposed to be 
observed—to be automatically segmented and visualized. 
Automatic segmentation and visualization may robustly take 
occlusions into account as all the elements that are located 
closer in the line-of-sight to the camera may be be detected 
first (ordinal visibility constraint introduced in this research). 
Such detection may further enable a texture recognition algo 
rithm to be created to detect P(m') and account for progress 
details accordingly. For example, consider a concrete foun 
dation wall that will be further prime-coated and insulated. 
Since the system is based on an IFC as-planned platform and 
is linked to the schedule, expected progress information may 
be queried from the 4D BIM and given the time the image is 
captured (extracted from the EXIF tag of the JPG image) and 
which the visual appearance of the surface will be known. 
0100 Automated Detection Accuracy 
0101. In the conducted experiments, performance of 
progress the detection model may be analyzed using a num 
ber of common object recognition metrics. Particularly the 
following metrics may be used. First, recall may be used, 
which may include the fraction of recognized IFC-model 
elements (TP=true positive) relevant to the total number of 
model elements that are used for the detection model (TP+ 
FN=true positive+false negative). Recall may show the sen 
sitivity of the detection model. Second, precision may be 
used, which may include the fraction of relevant IFC-model 
elements relevant to the total number of model elements that 
are recognized (TP+FP=true positive+false positive). In the 
proposed approach, the SVM kernel machine classifies 
progress with a binary value (progress/no progress). 
0102. In experiments, the SVM model was trained over the 
RH 112 image dataset and the hyper-plane that separates the 
progress/no-progress categories was automatically learned. 
The results from the experiments show that if visibility (the 
observable part) of an as-planned element is less than 20% 
and the Volumetric reconstruction is only able to reconstruct 
50% of that observable part, progress may not be detected. 
The performance of the training is cross-checked by asking 
two field engineers and a Superintendent to label the classifi 
cation results. The accuracy of training was experienced to be 
87.50%. Table 2 shows an example of how SVM classifica 
tion has been accounted for two classes of concrete columns 
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and foundation walls. In this example, the detection feature 
vector values are shown. In the proposed approach, as more 
experiments are conducted, the outcomes can be added to 
increase the accuracy of the SVM linear classifier. The per 
formance of the classifier is further tested and validated on 
RH 160 and SD 288 image datasets. The results of average 
accuracy for the experimental datasets are presented in Table 
3. 

TABLE 2 

Supervised SVM learning of the detection threshold for 
T. = (i = 0 column: i = 1 wall) and P(t) = concrete. 

T 0.(t) p(n0) tid 8 l 

O16 O16 OO O O.20 
O.24 O.84 OO O.20 

-- O.32 0.75 OO O O.20 
-- O.35 O.84 OO O.20 

O.36 O.24 OO O O.20 
-- O.36 O.71 OO O.20 
-- 0.37 O.80 OO O O.20 
-- O41 0.79 OO O.20 

O.43 O.21 OO O O.20 
-- O46 O.89 OO O.20 
-- O.49 O.88 OO O O.20 
-- O.S1 O.85 OO O.20 

O.S2 O.25 OO O O.20 
0.57 O.43 OO O.20 

-- O.63 0.75 OO O O.20 
-- O.71 O.89 OO O.20 

TABLE 3 

Average accuracy of SVM binary detection for training and testing datasets. 

# of IFC Detection 
Dataset # of images elements accuracy 

Training RH #2 112 152 87.50% 
Testing RH #1 160 152 82.89% 

SD 288 321 91.05% 

0103) The correlation between progress which is expected 
to be detected, (P(0Timi)) and the expected observable 
regions, (P(0pi)) was also studied. FIG. 14(a) shows the 
results of the experiment on the RH 112 training dataset. As 
the figure indicates, a majority of false detections happen for 
below 20% of the observable progress P(Opi). This further 
illustrates that in presence of severe occlusion and poor 
reconstruction, no decision on progress should be made. To 
further investigate the sensitivity of the detection model to 
presence of occlusions, the relationship between the accuracy 
to the percentage of visibility was studied. As observed from 
FIG. 14(b), there is no linear relationship between the per 
centage of occlusion and the accuracy of automated progress 
detection. Rather, the relationship between observed 
P(0Timi) and the expected observable P(0pi), controls how 
the “progress' and "no-progress' categories are classified. 
Based on several experiments with different levels of occlu 
Sion, the standard deviations of the detection accuracies are 
calculated and visualized in this figure. 
0104. In order to examine the precision and sensitivity of 
the detection model, precision-recall and true-positive/false 
positive graphs may be further analyzed. FIG. 15 illustrates 
the results over the experimental datasets. These graphs are 
only drawn for the elements that were expected to be detected 
and not for those elements that are fully occluded. Given the 
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formation of this approach with a significant amount of occlu 
sion in the dataset in the training dataset, the results seem 
promising, yet it shows the approach is not sensitive to for 
mation of the hyper-plane. 
0105 Finally, to represent progress and color-coded 
changed and unchanged elements with red and green, the 
same D4AR modeling platform reported in (Golparvar-Fard 
et al. 2009a) and the color-coding scheme presented in (Gol 
parvar-Fard et al. 2009b) are used. FIG. 16 shows the results 
of visualizing the outcome of the progress detection model. In 
these cases, the behind or on-schedule IFC elements are 
color-coded with red and green accordingly. For those ele 
ments for which progress is not reported, the color remains 
gray. Such color-coding scheme facilitates observation of the 
accuracy of progress detection, yet if needed, allows correc 
tions to be made on a case-by-case basis. 
0106 FIG. 17 illustrates few examples of the detection's 
false positives and missed positives (false negative in proper 
statistical terms). As observed, since the detection model does 
not contain operational details (e.g., forming stages), the 
formwork is falsely detected as a finished concrete element. 
In FIG.17(c), the highlighted wall should have been detected, 
but due to occlusions, the element is not properly recon 
structed and consequently not detected. 
0107 According to Equation (14) and based on detected 
progress per element P(mil 6Ti), progress can be reported at 
schedule-activity level. FIG. 18 presents a part of the RH 
project schedule and illustrates what activities are tracked for 
progress. Since some elements may not be visible at all, a 
metric for visibility per schedule-activity is also reported 
which gives an indication of reliability of progress values. As 
observed, given the accuracy of the detection engine at this 
stage, progress may still be reported at Schedule-activity 
level. Since the exact timing of each operational stage (e.g., 
forming/pouring) is not known, progress cannot be reported 
at any finer level of detail. Yet with Equation Error! Reference 
source not found., it may be expected that when the material/ 
texture recognition is incorporated and P(mi) is measured, 
without a need for a detailed WBS, progress information can 
be reported at a finer levels of detail. In all of the experiments 
conducted, P(mi)=1. 
0108. Accordingly, disclosed herein is a significantly 
improved algorithm for dense reconstruction and robust reg 
istration for 4D as-built point cloud models from daily site 
photo collections. Accordingly, a robust vision-based method 
comprised of SVM, MVS and voxel coloring algorithms is 
presented and used for reconstruction. Furthermore, registra 
tion is enhanced, allowing 4D as-built point cloud models to 
be automatically generated through Superimposition of vari 
ous point cloud models, in turn semi-automatically register 
ing them over 4D IFC-based BIM. The superimposition of the 
BIM over the point cloud requires a user to select matching 
feature points, and therefore, this step may be done only once 
at the beginning of the project. The observations and con 
ducted experiments show that the resulting D'AR visualiza 
tion has the following abilities: 
0109 Data Collection: 
0110. The approach may be fully dependent on the daily 
photo collections; may not have any cost or a need for any 
manual intervention beyond uploading images into the sys 
tem and may work even with low quality images taken from 
a cellphone. The large number of images captured the better 
for Successful automated progress tracking. 

  



US 2013/O 155058 A1 

0111 As-Built Modeling Automation and Visualization: 
0112 This process may be fully automated, i.e., once 
images are deposited into the system, features may be fully 
and automatically identified and matched to visualize the 
underlying as-built point cloud model. The camera configu 
rations may be automatically identified as well. 
0113 Occlusion Handling: 
0114. Since unordered daily photographs are usually 
taken with least amount of occlusions, their application may 
be desirable for automated as-built modeling. The underlying 
SVM may automatically remove noise and other inconsistent 
representations, so there may be no need for post processing 
of the point cloud model. In addition, the contextual semantic 
information associated with moving objects in the scene may 
not be fully removed from the point cloud models; rather they 
may be dynamically captured in registered images. 
0115) As-Built Processing Efficiency: 
0116 Each point cloud model may be generated in a few 
hours (computational cost at this stage). Once the underlying 
model is generated, adding new photographs to the system 
may be processed in order of seconds. 
0117 Augmented Reality Registration: 
0118 Registration of the 4D IFC-based BIM may still be 
semi-automated, as registration may need a set of initial con 
trol-points to be manually selected for the automated match 
ing. Manual selection, however, may only need to be done 
once in the initial stages of the project. Registration of point 
cloud models over one another may be automatically done 
using iterative closest point (ICP) algorithms by selecting a 
Subset of points that has consistent visual appearance in point 
cloud models, e.g., an existing structure which is recon 
structed in consecutive point cloud models. 
0119) Also disclosed herein is the automated progress 
monitoring model and the SVM machine learning approach. 
In presence of a large number of photographs, automated 
progress monitoring module may result in high precisions. 
The approach generates range images for each photograph, 
segments each image based on observed progress as well as 
dynamic occlusions. A robust 2D segmentation of observed 
objects over site images. It is shown through multiple experi 
ments that the proposed automated detection may have the 
following characteristics: 
0120 Progress Monitoring Automation: 
0121 Except the initial registration step of BIM and point 
cloud models, monitoring physical progress may be fully 
automated. Although currently the operational progress 
details may not be automatically identified, e.g., differentia 
tion of concrete from formwork, the proposed Bayesian 
model accounts for that, and this in turn facilitates the exten 
sion of the proposed algorithms. 
0122) Progress Monitoring Accuracy: 
0123. The metrics shown in the experiments may be sat 
isfactory given the formation of the disclosed progress track 
ing model for the first time. Furthermore, the “visibility” 
metric represented at the schedule activity level highlights 
those activities and elements that may need to be revisited. 
Based on this confidence factor, the users may either take 
more images for an accurate assessment of progress, or manu 
ally revisit those elements. 
0124 
0.125. In the proposed statistical model for automation of 
monitoring, the threshold for detection of different types of 
elements underpartial visibility may be dynamically learned. 

Robustness to Occlusions: 

Jun. 20, 2013 

Yet, the metrics for comparison of different automated moni 
toring models may need to be set using similar construction 
case studies. 

0126 
I0127. The progress deviations are currently computed 
over a few hours. Since the frequency of progress monitoring 
in most cases is not expected to be more than one observation 
per day, this computation time may be acceptable. 
0128. An automated approach for tracking, analysis and 
visualization of progress using daily site photographs and 4D 
IFC-based BIMs is presented. In the proposed approach, 
images can have low qualities, yet robustly generate dense 
as-built point cloud model. Subsequently, the underlying 
point cloud model is registered with other point cloud models 
as well as the as-planned model, generating an integrated 4D 
as-built and as-planned model for progress visualization. The 
as-built and as-planned Voxel coloring and labeling algorithm 
demonstrates high accuracy in labeling of a construction 
scene for occupancy and visibility. The SVM kernel machine 
shows promising results in detecting progress. Overall, the 
presented results mark the approach presented herein to be 
the first of its kind to fully take advantage of already-available 
daily site photographs and IFC-based 4D BIMs for automated 
progress tracking and analysis. Application of the DAR 
modeling system may be perceived to minimize the time 
required for as-built data collection and as-planned data 
extraction; removing Subjectivity of progress detection 
through an automated systematic detection; and, finally, the 
interactive visualization to minimize the time required for 
discussions on coordination of progress possibly leading to a 
better decision-making for project control. 
I0129. D'AR Tools in Support of Decision-Enabling Tasks 
in the AEC/FM Industry 
0.130. The significant advancement in digital imaging and 
widespread popularity of digital cameras for capturing a com 
prehensive visual record of construction performance in 
Architecture/Engineering/Construction and Facility Man 
agement (AEC/FM) industry have triggered an extensive 
growth in the rate of site photography, allowing hundreds of 
images to be stored for a project on a daily basis. Meanwhile 
collaborative AEC technologies centering around Building 
Information Models (BIM) are widely being applied to sup 
port various architectural, structural, as well as pre-construc 
tion decision-enabling tasks. These models, if integrated with 
as-built perspective of a construction project, have great 
potentials to extensively add value during construction phase 
of the project. 
0131 The remainder of this disclosure discusses recent 
developments from research efforts in (1) automated acqui 
sition of as-built point cloud models from unordered site daily 
photo collections and geo-registration of site images; (2) 
automated generation of 4D as-built point cloud models, as 
well as (3) semi-automated Superimposition of the integrated 
as-built model over fourth dimensional (4Dor D)(3D+time) 
BIM to generate integrated 4D as-built and as-planned visu 
alizations. Also to be discussed include the limitations and 
benefits of each modeling approach, the motivations for 
development of DAR (4D Augmented Reality) environ 
ments for integrated visualization of as-built and as-planned 
models, as well as perceived and observed applications and 
benefits in seven case studies. Not only does a DAR model 
visualize construction processes and performance deviations, 
but it may also be used as a tool for automated and remote 

Computational Efficiency: 
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monitoring of progress and safety, quality control and site 
layout management, enabling enhanced coordination and 
communication. 

0.132. Over the last decade there has been a significant 
growth in digitography, the capture of digital images and 
videos, in the AEC/FM industry. Nowadays, it is common for 
owners, contractors as well as architects and engineers to take 
meaningful photographs of their work several times on a daily 
basis. In construction where time is a major factor of profit, it 
is easy to understand why practitioners started to adopt digital 
photography even before the consumer market took off. Con 
tinuously taking Snapshots, disseminating them within min 
utes over the Internet and finding ways to communicate 
through this medium adds value to work processes. An exten 
sive literature review on application of photography in AEC/ 
FM industry and its value in identifying and solving various 
construction management programs indicates construction 
images are mostly being used for: 
0.133 1. Visualization of Construction Operations and 
their Sequences. 
0134) Images provide easy-to-understand and detailed 
visuals of construction operations serving as (1) powerful 
coordination and communication tools among project partici 
pants, (2) safety or construction methodology education tool 
for workers (in case of self-performing contractors) and for 
Subcontractors (usually in case of construction management), 
and evenas (3) marketing tools. The ability of annotating over 
these images enhances their application as flexible commu 
nication media. 

0135 2. Progress Monitoring and Tracking of Construc 
tion Crew and Machinery. 
0.136 Photographs captured from different viewpoints on 
a daily basis or time-lapsed images serve as a powerful media 
for remote and quick analysis of construction performance 
and/or track construction entities. Availability of such visual 
data Supports more frequent monitoring and can reduce the 
time required for analysis of progress. 
0137 
0138 Video streams and time-lapsed images allow con 
tractors to manually measure and analyze performance of 
their work force and machinery away from the jobsites and 
revise work processes or sequence of activities to improve 
productivity. 
0139 
0140 Visual data provide powerful pieces of evidence for 
parties involved in an accident and also for project manage 
ment to properly file accidents for safety referencing and 
documentation purposes. 
0141 
0142. The as-built report of a project is a common legal 
tool in Support of a contractor's claim for compensable delay. 
These reports, especially when compared to an as-planned 
project, show the impact of other party's decisions and short 
comings on the active critical path activities. In different steps 
of such dispute resolution process or even in case of litigation, 
images and videos (especially in cases where software tools 
lock out images from tampering) serve as excellent compel 
ling pieces of evidence documenting work as it progresses 
which significantly facilitates the resolution of disputes, Sup 
porting valid legal claims, adding creditability to the as-built 
project as well as abolishing erroneous or unfounded dis 
putes. 

3. Productivity Measurements. 

4. Accident Investigation. 

5. Dispute Resolution. 

Jun. 20, 2013 

0.143 6. Quality Assurance/Quality Control. 
0144. If high-resolution images are captured from proper 
viewpoints with an appropriate amount of lighting, quality of 
the finished Surfaces can be remotely tracked, analyzed and 
controlled. 
0145 Currently, photography of a construction project 
with a 10-megapixel camera costs only about a few hundred 
dollars and it does not need much training. Instead of taking 
several pages of notes on a job sites, field engineers and 
Superintendents may come back from construction sites with 
photo dairies with minimal notes where each photo is already 
stamped with the date and time it was captured. For these 
reasons, photography has evolved into a significant part of 
documentation and further justifies growth of their applica 
tion within the AEC/FM industry. 
0146 A set of detailed observations from seven ongoing 
construction projects—daily construction photo collections 
plus time-lapsed photographs collected between September 
2006 and September 2009—as well as literature review 
reveals that, although there is a great potential for new appli 
cations with these extensive sources of information, Such 
applications are adversely affected by the significant amount 
of data that needs to be organized, annotated, indexed— 
referred to as Digital Asset Management. For example, some 
contractors currently catalogue their images into Subse 
quently-numbered folders, and later on, tag those images with 
metadata such as “Rodbuster' or “Ironworkers.” When they 
need an image, they may need to search on the basis of 
location and content and this in turn induces a tedious and 
Sometime error prone task. In addition, it is time consuming 
and sometimes difficult to sort these images chronologically 
as well as based on their geospatial locations, requiring 
observing and studying construction operations and their 
sequences. All these challenges call for a more Sophisticated 
approach to organize construction daily images allowing 
them to be interactively browsed within a geo-spatial con 
figuration. 
0147 Conducted observations disclose that if photo 
graphs are used to reconstruct 4D (3D--time) geometrical 
representation of the as-built scene, and images are geospa 
tially and chronologically registered within a 3D virtual envi 
ronment, the images form powerful visualizations that could 
be used as a source for as-built data extraction, analysis as 
well as communication and coordination. Such an integrated 
environment may allow photographs to be browsed and situ 
ated, on demand, based on their location and the time cap 
tured. 

0.148. During the same period of time, there has also been 
a significant growth in application of Building Information 
Models (BIM). BIM as a collaborative AEC technology Sup 
ports architectural and structural perspectives while its appli 
cation could be extended to the preconstruction stage of a 
project, linking schedule to the model and the resulting 4D 
model to be used for clash prevention, constructability analy 
sis, as well as generating construction schedules. Currently, 
the benefits of BIM are well perceived by many AEC/FM 
companies and these models are being widely adopted. As an 
example, currently General Services Administration (GSA) 
requires all AEC firms working with them to include BIM as 
a part of their work proposals. The application of BIM is also 
a binding module in some recent AEC contracts. For example, 
as of Jul. 1, 2009, Wisconsin established itself as the first state 
requiring BIM on large public projects and even American 
Institute of Architects (AIA) has established protocols as 
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extensions to contracts on how BIM could be developed and 
managed throughout the course of a project. 
0149 Recent literature reviews and surveys demonstrate 
that despite the significant value BIM adds in clash prevention 
and evaluation of time-space conflicts, their application has 
been mostly limited to the design and pre-construction stages. 
Less value has been experienced by practitioners from appli 
cation of these models in Support of field construction man 
agement and operation. Limited research has been conducted 
on methods to augment BIM with other information and 
implement those models to gain value beyond the pre-con 
struction stage. There is still a substantial amount of informa 
tion that is being collected on construction fields in forms of 
as-built, photographs, Schedules, Submittals, RFIs, or change 
orders which is transferred to project participants in file cabi 
nets. There will be further benefits if this data is incorporated 
into or melded with BIM and/or an image-based 3D repre 
sentation of as-built projects. Since Success of every construc 
tion project is linked to the ability of accessing both as-built 
and as-planned project information in an efficient manner, 
integrated representation of these models becomes more 
attractive. 

0150. Subsequent to using a prototype implementation for 
testing over seven different cases from two ongoing construc 
tion projects, the results demonstrate that the disclosed all 
inclusive integrated modeling approach provides flexibility in 
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studying as-built, Sorting and browsing daily site images 
geospatially and chronologically from a model-based per 
spective. While integrating the models with BIM may not 
only create a potential to overcome limitations associated 
with visualizing Such models independently, but also may 
create a window of opportunity for extending application of 
BIM within the construction phase. Also to be discussed 
include observed and perceived applications and benefits of 
these models for remote progress monitoring, revision of 
work Schedules, as well as safety management, quality assur 
ance/control and site logistics management. 
0151. Application of photography and videotaping might 
seem to some practitioners as a peripheral activity within the 
AEC/FM industry, but in today’s business environment, low 
cost of cameras, ease of use, as well as the possibility of quick 
exchange of images over the Internet has evolved their appli 
cations to vital elements for communications and coordina 
tion. Nowadays site photographs are captured in two forms: 
(1) still photographs casually captured from ongoing activi 
ties under different viewpoints; and (2) time-lapsed photo 
graphs and videos. Table 4 show a comparison in application 
of time-lapsed photos to daily photologs that are casually 
collected. Instead, a new way of looking into how Superin 
tendents perceive construction performance and how appli 
cation of unordered daily photographs can catalyze percep 
tion of various events that make up construction cycles is 
introduced in this disclosure. 

TABLE 4 

Comparison of time-lapsed images with daily photologs. 

Digital Asset Management (DAM 

Daily site photologs 

Ease of capturing 
images 

View Range 

Remote Analysis 
Weather and 
Illumination 
Conditions 

Almost at no cost 

If a large set of images are 
used, they can capture 
everything that is not 

embedded (both at exterior 
and interior) 

Possible 
Many images captured over Since the viewpoint is usually consistent, sever changes of 

a short period of time 
usually capture consistent 

illumination 
Weather conditions may 

Time-lapsed images 

Cameras and enclosures are expensive 
Requires permission usually from the owners 

Require frequent maintenance 
Requires access to power and cable/wireless transmission 

Captures only what is in range or in the view 
Cameras may be equipped with Zoom. Pan Tilt 

functionality at a cost to cover wider areas, but it may only 
capture what is not occluded by static occlusions (e.g., 
natural construction progress) and dynamic occlusions 

(e.g., temporary structures, machinery) 
Multiple cameras usually needed to cover wider areas 

Monitoring interior may be significantly challenging due 
to range issues 

Possible 

illumination may be observed throughout a day 
Weather conditions severely affect the camera itself and 
quality of images making it impossible to see through 

during precipitations and cloudy days 
not affect the camera itself 
but slightly affect quality 

Suitability for 
Progress 
Monitoring 
Suitability for 
Productivity 
Analysis 

of images 
Remote and quick analysis 
if a large number of images 

are collected 
Static analysis of 

productivity is possible 
Allows stop-motion 

Remote and quick analysis if not obstruct by occlusion 

Dynamic analysis of productivity is possible 
Allows stop-motion analysis to be performed if Small 

sequences of time are considered 
analysis if significant 

number of images or video 

Storage 
is collected 

Requires significant 
amount of digital storage 

Requires a massive amount of digital storage specially if 
Small time-steps are used 
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0152 Field engineers and superintendents perceive a lot of 
information about construction performance and geometrical 
configuration of components by moving through and around 
construction sites on a daily basis. As the field engineer walks 
through the job site, progress information is gradually sensed 
over time. Through these observations, field engineers usu 
ally take many photographs and vary the composition to 
capture ongoing activities naturally with the least amount of 
occlusion. In this research, this issue was observed first-hand 
as one of the authors has been actively involved in construc 
tion of two concurrent building projects. For example, in 
these projects, field engineers take about 250 photographs per 
day. In addition, these two projects include 18 different work 
packages, and for each work package, contractors take about 
20 to 25 photos per day. Adding the photographs that the 
owner representatives take (about 20 per day) in addition to 
other photos taken by executives and regional safety directors 
for each contract, it is easy to see the wealth of visual infor 
mation which is available to be harvested. Since field engi 
neers naturally find the best viewpoints to capture site images, 
these photographs have one great attribute in common, 
namely, the least amount of occlusion on documenting criti 
cal construction activities. This wealth of visual information 
motivates application of techniques that enable both the 
underlying structure of the building components as well as the 
motion of the cameras (motion of the field engineer with 
camera) to be captured and represented in a virtual environ 
ment. FIG. 19 illustrates some of these images that are taken 
for progress monitoring, documenting quality and safety, site 
layout management as well as productivity analysis. 
0153. As observed from Table 1, if proper techniques for 
application of these daily photo logs are used, significant 
benefits could be observed. One of the challenging research 
tasks is to automatically figure out the 3D geometry of the site 
from an unordered collection of images as well geo-register 
these images in a common 3D environment. Over the past 
decade, several research efforts began addressing concerns 
mostly with retrieval of images as well as applications of 
time-lapsed photographs. 
0154 More recently, the use of PhotoModeler (2009) was 
Suggested for modeling of precast façades. Modeling with 
PhotoModeler requires two kinds of human interactions for 
calibrating cameras and measuring camera configuration: (1) 
marking and (2) referencing. Marking refers to using manual 
intervention to identify vertices in photographs and connect 
those vertices with edges. Moreover, it involves referencing, 
selecting a vertex and manually linking it to its corresponding 
Vertices across other images. Using "Ringed Automatically 
Detected Targets, a more recent version of PhotoModeler 
enables visual targets to be detected and matched across 
multiple images. Nonetheless, implementation is costly, 
requires training and a substantial amount of human interven 
tion. If considered throughout the time span of a construction 
phase, Such application is time-consuming and less attractive. 
The following sections provide a brief overview on principles 
for image-based 3D reconstruction. 
0155 Image-Based 3D Reconstruction and Principles of 
Structure-from-Motion 

0156. In the last two decades, there has been a dramatic 
increase in the capability of computer vision algorithms in 
finding correspondences between images that are sequen 
tially captured, calibrating and registering cameras, and ulti 
mately reconstructing 3D geometry of a scene, a process 
formally known as Structure-from-Motion (SfM). This pro 

Jun. 20, 2013 

cess goes well back to early techniques in photogrammetry. In 
more recent decades, however, due to an increase in perfor 
mance of computers and digital imaging, automated collec 
tion and processing significant numbers of images in a rea 
sonable time is becoming feasible. Substantial research 
progress was achieved when Triggs et al. (1999) presented 
bundle adjustment method, which is a statistical optimization 
Solution to the problem of finding geometrical location of 
feature points and orientation of cameras. 
0157 Finding structure from motion is analogous to the 
perception of a field engineer from a site. As a field engineer 
walks through a site, the complete structure of the scene may 
be observed. In structure from motion, similarities between 
images may be found and components reconstructed in three 
dimensions based thereon. To find correspondences between 
images, first a set of feature points (points that are potentially 
distinct enough that could be observed under different view 
points such as scales and lighting conditions) may be inde 
pendently found in each image and their motions from one 
image to another computed. The trajectories of these feature 
points may be used to reconstruct their 3D geometrical posi 
tions and estimate motion of camera(s) used to capture those. 
0158. A possible solution to understanding the underlying 
geometry of field activities using SfM solution involves the 
following steps: (1) extract feature points from images; (2) 
find an initial solution for the structure of the scene observed 
and motion of the cameras; (3) extract the 3D locations of 
these features points and calibrate camera matrices; (4) rep 
resent the scene with 3D geometrical locations of these points 
as well as cameras that observed those; (5) infer geometrical, 
textural, and/or reflective properties of the scene; and (6) 
interpret those as information regarding the construction site 
or ongoing activities. The disclosed solution (1) allows 
images that capture dynamic construction scene to recon 
struct the as-built project and be accurately registered; (2) 
automatically register daily cloud models over one-another; 
and (3) register the 4D point cloud models over as-planned 
models, thus enabling remote navigation in an augmented 
reality environment both in space and time. A detailed math 
ematical description of computer-vision steps is not within 
the scope of this disclosure; instead, the steps that form the 
process will be detailed in the DAR modeling section. 
0159 Building information models provide the ability of 
performing photorealistic renderings and allow design-devel 
opment reviews and system clash detection be studied in 
virtual environment. BIM also facilitates communication of 
design and coordination of working system, cost estimation 
and automated generation of bills of quantities. During con 
struction phase of a project, these models can be helpful in 
analyzing construction operations by allowing project man 
agers to determine site management strategies, facilitating 
contractor coordination, planning of site logistics or access 
routing, as well as studying integrity of schedule and con 
struction sequences (e.g., site accessibility, trade coordina 
tion, temporal structures, lay-down areas use, different con 
struction methods or means). 
0160 Despite significant benefits of BIM during design 
and pre-construction stages, their value within the construc 
tion phase of a project is not yet well perceived by practitio 
ners. Based on an investigation over a significant number of 
projects where BIM has been implemented, experts report 
that only if these models are generated at the design phase, 
engineers can Subsequently use them to generate design visu 
alizations and later on construction managers can use them to 
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plan construction of the facility. Application of these models 
during the construction phase can increase if modeling 
detailed operations and site layouts is simplified; and, further 
value may be added by integrating BIM with as-built projects. 
Not only can integrating BIM with rich, as-built imagery 
overcome challenges in modeling, but it also may augment 
the benefits of each visualization technique. The modeling 
approach presented in the following sections is a step forward 
in minimizing these challenges. 
0161 Research in the area of integration of as-built and 
as-planned models during construction phase of a project 
goes back to early efforts in comparing laser Scanning point 
cloud models with CAD models. Laser scanners only provide 
Cartesian information about the as-built project. The sheer 
volume of the data that needs to be interpreted, the cost (about 
100KUSD), and need for training and expertise for operation 
and other existing technical challenges makes application of 
laser scanners less attractive than techniques which extract 
point cloud models from images. 
(0162) DAR Model for Integrated As-Built and 
As-Planned Visualization 
0163 The present system and models may include to (1) 
automatically reconstruct as-built point cloud models from 
unordered daily site photographs, (2) automatically register 
point cloud models to generate 4D as-built point cloud mod 
els, and (3) semi-automatically Superimpose 4D point cloud 
models over 4D BIM, and use the resulting integrated and 
sequential augmented reality environment to facilitate remote 
and quick decision-making. Previous research revealed that 
the initial road-mapped reconstruction method needed further 
development to take advantages of daily photo logs over the 
course of a project by using them to reconstruct 4D as-built 
models and efficiently register the photo logs with 4D as 
planned models. These modifications were mostly based on 
the following needs: (1) Generating point cloud models from 
photos captured in one day and Superimposing reconstructed 
point cloud models at different days to generate a 4D, as-built 
geometry+imagery model. This step will automatically reg 
ister all images with the 4D BIM, allowing as-planned and 
as-built images to be analyzed both in space and time. (2) 
Matching these point cloud models in an effective way with 
the 4D BIM so no manual intervention will be required. (3) 
Forming the underlying framework for manual and auto 
mated extraction of information from the integrated model 
allowing different schedule sequences, operational details, 
logistics as well as safety and quality issues to be analyzed 
remotely. 
0164 FIG. 20 is a block diagram of a system 2000 and 
associated data and processes to execute DAR model recon 
struction and visualization. As seen, the system developed for 
D'AR modeling may include several modules or processors, 
including but not limited to a number of process modules 
executable by a processor and Software code within a com 
puter system, and databases showing aggregation and flow of 
data within the computer system. The computer system may 
be distributed across multiple computing systems, as may be 
the databases that provide for data flows between modules. 
After discussing an overview of the system 2000, each pro 
cessor and database may be described in more detail. 
0.165. The system 2000 may include a digital image data 
base 2004, an intelligent frame correction (IFC) as-planned 
model database 2008 and a construction schedule database 
2012 in which to store initial data inputs into the system. 
Photographs collected on a daily basis may be stored in the 
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digital image database 2004. The IFC as-planned model data 
base 2012 may store BIM data that represents a model of the 
as-planned construction project. The construction schedule 
database 2012 may store milestones with reference to the 
as-planned project in relation to dates by which the mile 
stones are to be met. 
0166 The digital images may be sent to a structure-from 
motion (SfM) processor 2014 that may further process the 
digital images through a number of SfM image processing 
steps 2018 to enact as-built reconstruction of a project scene, 
including but not limited to: feature detection2020 within the 
images; feature matching 2022 across multiple images; incre 
mental reconstruction 2024 of the as-built project scene; and 
bundle adjustment 2026 of multiple chunks of the as-built 
seen for proper display. 
(0167 Data from the IFC as-planned model database 2008 
and the construction schedule database 2012 may be sent into 
a 3D and schedule integrator 2030, which may schedule dif 
ferent phases of constructions over time with respect to dif 
ferent milestones to be completed within the 3D construction 
project. 
0168 Data generated by the SfM processor 2014 may be 
stored in both a sparse 3D model database 2034 and a camera 
parameters database 2038, which data may be sent to an 
Iterative Closest point (ICP) registrar 2046 for registering 
IFC frames of the as-built 3D model over time, to create the 
fourth, temporal dimension for construction progress track 
ing. The ICP registrar 2046 may output data for storing in a 
4D as-built point-clouds database 2048 and the camera 
parameters database 2038, which data may then be fed into a 
Euclidean registrar 2060 for registering portions of the as 
built, 4D point-clouds 2048 for tracking over time. 
0169. The Euclidean registrar 2060 may then output data 
for storing in a Euclidean sparse 3D model database 2064 and 
a Euclidean camera parameters 2068 database. Data from the 
Euclidean sparse 3D model database 2064 and the Euclidean 
camera parameters 2068 database may be input into a four 
dimensional augmented reality (DAR) viewer 2070. The 
D'AR viewer 2070 may combine data of the Euclidean sparse 
3D model and camera parameters with the 4D as-planned 
model from database 2042 to generate output images of 
progress of a construction project over time as seen by Suc 
cessive as-built point cloud models and daily photographs 
overlaid on top of the 4D as-planned model. 
0170 In summary, photographs collected on a daily basis 
may be used by the system 2000 to reconstruct daily point 
cloud models and register the images with respect to an as 
built point cloud model. Furthermore, the system 2000 may 
insure that the 4D BIM is developed and updated to reflect the 
latest changes in geometry and schedule. And, the system 
2000 may register as-built point cloud models from different 
days over one another using through the ICP registrar 2046. 
Finally, the system 2000 may superimpose the integrated 
as-built 4D model over the BIM, allowing all point cloud 
models and all site photographs to be registered and visual 
ized together with the 4D as-planned model. 
(0171 As-Built Reconstruction 
0172. Several computer vision techniques may be used to 
reconstruct a point cloud model from a series of photographs. 
In the present disclosure, the focus is not to synthesize a 
photorealistic view of the construction site from all view 
points per se, but to mainly use existing daily images on a 
construction site without any prior manipulation and auto 
matically reconstruct an as-built geometrical representation, 
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register images in a common 3D environment and provide a 
sense of the underlying geometry of the construction site. As 
Such, the more challenging problem of creating a full Surface 
model is side stepped. In addition, since the focus is on using 
existing daily construction images without any prior, self 
calibration techniques or even multi-view stereo processing, 
model-based approaches may not be useful. In this case, an 
SfM technique may be used to reconstruct an as-built point 
cloud model from a set of daily images. 
0173 The choice among specific the SfM image-process 
ing steps 2018 may include to make sure the system 2000 is 
fully automated and works with existing unordered and 
uncalibrated daily photos. Accordingly, the SfM image-pro 
cessing steps 2018 may include: (1) analyzing images and 
extracting feature points from images (2018); (2) matching 
image feature across image set (2022); (3) finding an initial 
solution for the 3D locations of these features points by: 
calibrating cameras for an initial image pair, reconstructing 
the rest of the observed scene (2024); and estimating motion 
of the cameras based on bundle adjustment (2026); and (4) 
registering, by the ICP and Euclidean registrars 2046 and 
2060, point cloud models that are generated for each day to 
make a 4D as-built model. 
0.174. To present how these steps are formed, two sets of 
112 and 160 images that are collected on Aug. 20 and Aug. 27. 
2008 on Ikenberry Residence Hall project in Champaign, Ill. 
are exemplified. In both cases, a field engineer causally 
walked along the sidewalk of the project and captured these 
images within a few minutes. FIG. 21 presents a subset from 
these images, which are shown to roughly illustrate the over 
lapping parts of these images. The SfMSteps may be executed 
as follows: 
0175 Analyzing Images into Distinct Invariant Features 
0176 The first step may include to automatically and inde 
pendently find distinct feature points in each image to be 
further used to estimate the initial structure of the scene. Since 
the underlying representation of the images used may be 
unknown or the dataset could even include non-relevant 
images, a set of points that are stable under local and global 
changes in translation, scale, affine transformation, as well as 
illumination variations may be found. These points may pref 
erably reliably be computed with a high degree of reproduc 
ibility in other images. This notion goes back to corner detec 
tion techniques, where corner points of objects were mostly 
used to track 3D CAD objects from 2D images. In practice, 
however, most corner detectors are sensitive not only to cor 
ners, but also to local image regions that have a high degree of 
variation in all possible directions. Therefore, corners of 
objects are not tracked. 
0177. Instead, the Scale-Invariant Feature Transform 
(SIFT) keypoint detection technique may be used, which (1) 
has good invariance to scale changes and view and illumina 
tion transformations, (2) is somewhat invariant to affine trans 
formations (non-singular linear transformations and transla 
tions), and (3) has standard application in the computer vision 
domain. The SIFT feature detection technique does not limit 
the detection to corners of various objects on the construction 
site. On the contrary, the SIFT feature detection technique 
allows distinct feature points to be detected from surrounding 
environment (e.g., trees, machinery, or periphery of the con 
struction site) as well. To verify sensitivity of the developed 
approach to image resolution, in the conducted experiments, 
image resolution may be synthetically reduced to 2-3 MPix 
els. A 3 MPixel image typically generates about 9,000 to 
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11,000 features. Examples of these detected features and their 
extent within an image are illustrated in FIGS. 22 and 23 
respectively. 
0.178 As observed in FIG. 23, the image resolutions were 
synthetically reduced to 36% and 25% of the original resolu 
tions (image resolutions were 2573x1709 and 2144x 1424) to 
confirm that the developed method is not sensitive to low 
image quality. Even with low resolution images, significant 
number of SIFT points are detected which enables dense 
point cloud models to be generated at later stages. It is worth 
noting that if lower resolution images are captured (as 
opposed to synthetic change in resolution), more SIFT points 
could be detected. This is due to interpolation techniques that 
are commonly used in down sampling of an image, which 
results in filtering sharp intensity changes. 
0179 Matching Image Features Across Image Database 
0180. Once the features are detected, the number of 
matching features in each image pair needs to be detected. To 
minimize computational time, approximate nearest neighbor 
hood priority (ANNs) search algorithm may be used and 
each feature point query may be limited to only check a 
limited part of a SIFT descriptor. Furthermore, the ratio test 
described by Lowe (2004) may be used for classifying false 
matches. For a feature descriptor in image i, a 128-dimension 
vector may be captured for each feature and ensures invari 
ance to image location, scale and rotation for matching. The 
two nearest neighbors inj, with distances d and d. (distances 
between feature descriptor vectors) may be found. The sys 
tem then accepts the match if d/d-0.6. 
0181 FIG. 24(a) shows the number of matched SIFT fea 
tures within the daily image dataset. Since SIFT features may 
not be completely distinct, there is a possibility that similar 
patterns especially located in façades of buildings (e.g., sym 
metrical patterns of façade, similar architectural columns, 
typical window details) may misleadingly match SIFT points 
in incorrect 2D locations in the image dataset. Due to the 
sensitivity of reconstruction algorithm to Such false matches, 
an algorithm may be used to remove Such false matches. The 
underlying assumption for refinement is that accurate 
matches will be consistent with the motion of the camera (the 
transformation of the image from one photography location 
to another). This assumption allows consideration of epipolar 
geometry between each image pair and consequently fit fun 
damental matrix. Therefore, once the matching features are 
detected in an image pair, a fundamental matrix for the pair 
may be estimated using RANSAC (RANdom SAmple Con 
sensus). The fundamental matrix removes false matches as it 
enforces corresponding features to be consistent under view 
point transformation (the transformation that maps an image 
to another). In the developed model, in each iteration of 
RANSAC, a fundamental matrix is computed using the 
8-point algorithm of Hartley and Zisserman (2004), and then 
the problem is normalized to improve robustness to noises 
(See FIGS. 6(b) and 6(c)). If more than one feature in image 
i matches the same feature in image j, both of Such matches 
are removed, as one of them is a false match because each 
feature point can only have one matching point in another 
image). As observed in FIG. 24, a number of matching points 
in FIG. 24(c) is less than corresponding points in FIG. 24(b) 
since some of the detected matches are not consistent with the 
motion of the camera. 

0182 Now, camera extrinsic (rotation, translation) and 
intrinsic parameters (focal length and distortion) may be 
recovered for each image and a 3D location for each feature 
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point. The recovered parameters should be consistent in that 
re-projection error, e.g., the sum of distances between the 
projections of all 3D features and their corresponding image 
features, may be minimized. This minimization problem can 
be formulated with a bundle adjustment algorithm. First, 
extrinsic and intrinsic parameters of a single image pair are 
estimated. Since bundle adjustment as other non-linear Solv 
ers may get stuck in bad local minima, it is Suggested to start 
with a good initial image pair and good estimates for camera 
parameters in the chosen pair. This initial pair for SfM should 
have a large number of matches, but also have a large non 
homographic baseline, so that the initial scene can be robustly 
reconstructed. An image pair that is poorly described by a 
homographic transformation satisfies this condition. 
0183 A 2D image homography may be a projective trans 
formation that maps points from one image plane to another 
image plane. The homography between all image pairs is 
found using RANSAC with an outlier threshold which stores 
the percentage of feature matches that are inliers to the esti 
mated homography. Next, the system 2000 may select the 
initial image pair with the lowest percentage of inliers to the 
recovered homography, but with at least 100 matches. The 
extrinsic camera parameters for this pair may be estimated 
using Nister's 5-point algorithm (Nister 2004), and then the 
tracks visible in the image pair may be triangulated. Finally, 
the system performs a two-image bundle adjustment for this 
pa1r. 

0184 
0185. Next, another image may be automatically added to 
the bundle adjustment optimization. An image from a camera 
that examines a largest number of estimated points may be 
chosen, and that camera's extrinsic parameters are estimated 
using a Direct Linear Transform (DLT) technique within a 
RANSAC procedure. For this RANSAC step, an outlier 
threshold of 0.4% image width or height may be used. To 
initialize the intrinsic parameters of the new camera for the 
optimization process, focal length is extracted from the 
exchangeable image file format (EXIF) tags of JPEG images, 
which is available in all digital cameras. 
0186 Starting from this initial reconstructed scene (2024), 
the bundle adjustment algorithm is run (2026), allowing only 
the new camera and feature points the new camera observes to 
change while the rest of the model may be kept fixed. A 
feature point is added if it is observed by at least one recov 
ered camera, and if triangulating the location gives a well 
conditioned approximation. The conditioning may be com 
puted by considering all pairs of rays that could be used to 
triangulate that point, and finding the pair of rays with the 
maximum angle of separation. If this maximum angle is 
larger than a threshold, then the point may be triangulated. 
Once the new points are added, another global bundle adjust 
ment using the minimum error Solution with the sparse bundle 
adjustment library of Lourakis and Argyros (2004) may be 
computed to refine the entire as-built reconstructed Scene. 
Global bundle adjustment may then be repeated for all cam 
eras until no remaining camera observes enough recon 
structed 3D points to be reliably reconstructed. 
0187. Overall, only a subset of the images may be used for 
reconstruction of the scene. This subset may not be selected 
beforehand, but may be determined by the SfM algorithm 
(2018) as executed by the SfM processor 2014. After the 
as-built scene is reconstructed (2024), the scene may be used 
for interactive explorations. An image-based rendering sys 
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tem may be developed in Microsoft C++.NET using DirectX9 
graphics library (DAR viewer 2070 in FIG. 20). 
0188 The following data structure may be used to repre 
sent the as-built reconstructed Scene: (1) a set of key points, in 
which each key point consists of a 3D location and a color that 
is averaged out from all the images from which the key point 
is being observed; (2) a set of cameras, while the extrinsic 
parameters and intrinsic parameters are estimated; and (3) a 
mapping between each point and all the cameras that observe 
the point. A list of numbers of cameras which observe the 
point, the location of the point in local coordinates of the 
image, and the SIFT key point index may all be stored in the 
camera parameters database 2038. While this information is 
stored, cameras may be rendered as frusta (camera pyramids). 
(0189 FIGS. 3(a) and 3(b) show the reconstructed sparse 
scene from the same image subset of FIG.3 and illustrate five 
of the registered cameras. Once a camera is visited in this 
reconstructed Scene, the camera frustum may be texture 
mapped with a full resolution of the image so the user may 
interactively Zoom-in and acquire progress, quality, safety 
and productivity details as well as workspace logistics. FIGS. 
3(c) through 3(e) respectively show the location of a frustum, 
the point cloud model seen from that camera viewpoint, and 
the camera frustum textured while demonstrating how the 
image is geo-registered with the as-built point cloud model. 
0.190 4 Dimensional As-Built Models 
0191 To extract time-varying 3D as-built models, the 
position of cameras and as-built structure may be inferred 
geospatially and chronologically. As mentioned, SfM tech 
niques are used to deal with the spatial problem for a single 
day dataset, while here the focus is on the temporal aspect of 
these models. First, the SfM steps for each daily image col 
lection may be performed (it could also be a set of images 
taken from a series of days for which no significant change in 
construction is observed) followed by registering those 
images over one another. Registering generated point cloud 
models for each dataset may be formulated as an iterative 
closest point (ICP) problem, where perspective transforma 
tion (unknown scale, rotation and translation) may also be 
computed. Since the SfM reconstruct the as-built point cloud 
models with an unknown scale, the ICP problem may be 
Solved based on general rotation and translation as well as 
scale. Using ICP with scale allows daily point cloud models to 
be automatically registered and this in turn allows all images 
captured at different locations and with different timing to be 
geo-spatially and temporally located within the same virtual 
environment. 
0.192 The resulting 4D as-built model allows project par 
ticipants to select a specific location of a project and study that 
location within a specific day using all images that have 
captured ongoing work in that area. It also allows the study of 
work processes and construction operations conducted in that 
location over time. 
(0193 FIG. 25 presents four datasets from two different 
projects (Residence Hall=RH; Student Dining SD) as fol 
lows. FIGS. 25(a) and 25(b) are of 112 photos collected on 
Aug. 20, 2008 from the RH project. FIGS. 25(c) and 25(d) are 
of 160 photos collected on Aug. 27, 2008 from the RH 
project. FIGS. 25 (e) and 25(f) are of 288 photos collected on 
Jul. 7, 2008 form the RH project. FIGS. 25(g) and 25(h) are of 
118 photos collected on Jul. 24, 2008 from the SD project. 
Using each dataset, a point cloud model may be generated and 
all images used for that specific point cloud reconstruction 
may be geo-registered. Subsequently, using ICP+scale algo 
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rithm, these point cloud models may be automatically regis 
tered, generating a 4D as-built model of RH and SD projects 
where the ongoing activities could both be studied geo-Spa 
tially and temporally. As observed in FIG. 25(b) in the open 
area of the basement, foundation walls are formed, while in 
the subsequent week’s observation (FIG. 25(d)) all those 
foundation walls are already placed and the forms are striped. 
The same situation is observed in FIG. 25(e) where in about 
three weeks of time, some of the steel girders and columns are 
placed. 
0194 FIG. 4(c) illustrates the alignment of point cloud 
models for the RH project depicted in FIGS. 4(a) and 4(b) 
while FIG. 4(g) illustrates the same for the SD project point 
cloud models depicted in FIGS. 4(e) and 4(f). FIGS. 25(d) and 
25(h) illustrate the registration of RH and SD building infor 
mation models overpoint cloud models in FIGS. 4(b) and 4(e) 
respectively. 4D As-planned Building Information Modeling 
Module 
0.195. In order to represent the entirety of planned con 
struction and query quantities and shared properties of mate 
rials, Industry Foundation Classes (IFC) are used as an under 
lying data model Schema. This module consists of the 
following non-exhaustive steps: (1) generating an all-inclu 
sive, as-planned model based on architectural and structural 
drawings at the pre-construction stage; (2) linking the sched 
ule to the as-planned model; and (3) updating the model based 
on schedule revisions, approved RFIs, RPFs and change 
orders to continuously revise the as-planned model based on 
scheduled changes. The details animated within the 4D model 
may be at a level that allows a proper baseline for automating 
progress monitoring and model-based recognition to be gen 
erated. Here, the level of detail may be based at the construc 
tion schedule activity level. The assumption is if a detailed 
progress monitoring beyond what is already presented in the 
schedule is required, a detailed schedule could be generated 
to properly set the baseline for comparisons. 
0196. In conducted case studies, a third-level schedule 
(contractor-level) was used for the 4D model. For example, 
for placing basement foundation walls and piers, there was 
only one activity indicated in the schedule: “FRPS Basement 
Walls and Piers.” Therefore, only the finished basement walls 
were visualized in the 4D model and operational details for 
placing the wall were not included. The 3D model for the 
project was modeled using a commercially-available archi 
tecture and structural software and an IFC 2x3 file was 
exported. To visualize the 4D model, the system may be 
extended to parse and visualize IFC-based models in the 
D'AR viewer 2070. FIG. 26 shows four snapshots of the 4D 
models generated for the RH project (FIGS. 26(a) and 26(b)) 
and the SD project (FIGS. 26(c) and (d)). Choosing the IFC 
file format may allow quantities and geometrical information 
of the as-planned model to be easily extracted and earned 
physical progress to be compared with the planned values. 
(0197) Registration of As-Built and IFC-Based As-Planned 
Models Module 

(0198 The final step of the DAR model may be the global 
location estimation process, which is to align the recon 
structed scene with the as-planned model to determine the 
absolute geocentric coordinates of each camera. The SfM 
procedure may estimate relative camera locations. In addi 
tion, the point cloud model may result in a significantly large 
number of points that do not belong to the building model 
itself, e.g., may belong to the façade of surrounding buildings, 
machinery, or even people and plants on or around the site. 
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Further, the vertices extracted from the as-planned model 
may also be very sparse and they may not be good represen 
tatives as the progress of the as-planned model is not known 
at this stage. Users are therefore allowed to select a set of 
corresponding control points from the integrated as-built 
point cloud model and image-based model and have those 
associated with the as-planned model. These points may be 
Surveying control points or a set of points that represent the 
geospatial location of the site. In this case, these points are 
mostly chosen from corners of the foundation walls and col 
umns as their interactive detection and correspondence was 
visually easier. 
0199 Although the as-built scene visualization can work 
with relative coordinates, for geo-registration of the as-built 
scene with as-planned model, the absolute coordinates of the 
as-built scene may be required. The estimated camera loca 
tions are related to the absolute locations by a global transla 
tion, rotation, and uniform scale transformation. Therefore, 
three points known in both coordinate systems will be theo 
retically sufficient as they provide nine constraints (three 
coordinates each), more than enough to permit determination 
of these seven unknowns. However, in practice, these mea 
Surements are not exact and if more than three points are used, 
greater accuracy can be sought. By adding additional points, 
therefore, finding the exact mapping of point coordinates 
from one system into another is approximated with minimi 
zation of the sum of squares of residual errors. Let there ben 
points from as-planned and as-built model for registration. 
The two coordinate system points are denoted by {r} and 
{r}, respectively, where i is the number of corresponding 
points that ranges from 1 to n, r, and r are the Cartesian 
coordinates of the as-planned and as-built models, respec 
tively. The following transformation may be formed: 

where s is a uniform scale factor, T is the translational offset 
and R(r) is the rotated version of the planned model. Mini 
mization of the Sum of square errors of Such registration can 
be formulated as: 

0200. To get a closed-form solution to the least square 
problem of absolute orientation, the Unit Quaternions 
approach suggested in Horn (1987) may be used. The error 
(Ae) may be measured in millimeters (mm): 

Wpixels X fun (18) 
Aem = --- 

WCCD, width 

where film is the focallength in mm, were is the image width 
in pixels and finally won, is the CCD (Charge-Coupled 
Device) width of the camera in mm. In the developed system, 
this process only needs to be done once for a project, since 
eventually as more photographs are taken, the new point 
cloud models generated may be automatically matched with 
the initial reconstruction and nothing will be changed within 
the 4D IFC model. 

0201 FIGS. 27 and 28 illustrate registration of the RH and 
SD4D models over a point cloud model generated from 160 
and 288 photos collected on Aug. 27, 2008 and Jul. 7, 2008. In 
both of these figures, from left to right, registration of the 
as-planned model over a point cloud model may be visualized 
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while registration from two cameras perspectives as well as 
a semi-transparent, see-through visualization of the inte 
grated system may be subsequently represented. While the 
scene of FIG. 27 is preserved, the accuracy of registration of 
3D, point cloud and image is illustrated. 
0202 Performance Metrics, Factors and Constraints 
(0203 Overall, technical performance of the DAR system 
may be based on a generality of images, e.g., relevant recon 
struction images divided by total daily construction images. 
For reconstruction, the accuracy of the reconstruction scene 
may be expressed as a function of the conditions under which 
the images are captured. Performance may further be based 
on the density of the point cloud model, e.g., using low 
resolution images and accuracy in registration of the 4D IFC 
model over the point cloud model. Based on these metrics, a 
series of validating case studies may be formed. Before such 
details are presented, implementation tools and architecture 
of the proposed system may be discussed. 
0204 Implementation Tools and Architecture of the 
D'AR System 
0205. A number of software packages and libraries were 
utilized for the development of a prototype that implemented 
the DAR system. Microsoft Visual C++ .Net along with 
DirectX 9.0 graphics library were used for coding all aspects 
of the visualization component, and MATLAB and Visual 
C++ were used to implement various steps in reconstruction 
of the scene from the images. The original SIFT implemen 
tation of Lowe (2004) as well as Sparse Bundle Adjustment 
package of Lourakis and Argyros (2004) were used for imple 
mentation of the reconstruction steps. 
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visualizing the IFC as-planned model, IFCEngine.dll (TNO 
Building and Construction 2008) may be used to parse the 
IFC file. A series of additional components are designed to 
allow as-planned and Schedule information to be queried, 
ultimately providing a comprehensive as-planned model 
which can serve as a rich baseline for monitoring. (3) Finally, 
the DAR model may be generated and the 4D as-built point 
cloud model visualized as superimposed over the 4D IFC 
model. 

0207 Testing Process for Integrated Visualization 
0208. A series of experiments were conducted on different 
Subsets of daily construction site photographs collected on 
Student Dining (SD) and Residence Hall (RH) projects by 
Turner Construction Company. In total, these Subsets 
included photographs taken mostly by the construction man 
agement team for the purposes of documenting as-built 
projects in the traditional way. From these comprehensive 
visual dataset, 7 different subsets ranging from 52 to 288 
images were assembled for the experiments. 

RESULTS AND VALIDATION 

0209. A summary of the conditions and accuracies under 
which D'AR models have been formed are presented in Table 
5. This table presents detailed information on these images, 
conditions under which they were taken, as well as resolu 
tions captured and resolutions used for experimentation. As 
observed, high generalities (percentage of Successfully-reg 
istered image/used images) and reasonable densities are 
observed while computational times are practical. 

TABLE 5 

Experiments conducted for reconstruction of as-built point cloud models from site images. 

RH #1 RH #2 RH #3 RH #4 SD #1 SD #2 SD #3 

Photos taken (#) 52 112 198 S4 288 118 130 
Experimented 52 112 160 S4 288 118 130 

Photos (#) 
Lighting Sunny, Sunny, Sunny, Temporary Cloudy, rain Sunny, Sunny, 
Condition Bright Bright 5 pm lighting runoff still on Bright Bright 

condition the side 
Original Image 4354 x 2848 4354 x 2848 4354 x 2848 3872 x 2592 4354 x 2848 4354 x 2848 4354 x 2848 
Res. 

Processed Image 2144 x 1424. 1715 x 1139 2144 x 1424. 2323 x 1555 2144 x 1424 2573 x 1709 2573 x 1709 
Res. 

# of points 22,261 43,400 62,323 1,293 61,638 31,661 15,100 
recovered 
# of images 52 112 160 22 286 118 123 
registered 
Generality" 1.OO 1.00 1.OO O41 O.99 1.OO O.9S 
Computation 10 min 1 hr 2hr 10 min 7 hr 17 min 3 hr 3hr 
timef 49 min 36 min 20 min 57 min 

*RH: 4-story Concrete Residence Hall (RH) Project; SD: 2-story Student Dining (SD) Steel Concrete Project 
'total # of reconstructed images/total # of images used for experiments 
Computational cost benchmarked on Intel (R) Core 2 Extreme CPU (a 2.93 GHz with 4.00 GB of RAM. 

0206. The prototypes architecture may include three 
components. (1) The first step takes place when daily site 
images are entered to the system. The developed system 
analyzes each site image, reconstructs a point cloud model 
and registers all images automatically. Once a point cloud 
model is reconstructed, the reconstructed point cloud model 
may be geo-registered with the initial reconstruction through 
the ICP plus the scale algorithm. (2) For the purpose of 

0210 Table 6 presents accuracy of registration for the case 
illustrated in FIG. 25 as well as registrations shown in FIGS. 
27 and 28. The approach shows high accuracy in registration, 
though it should be noted that this measurement is based on 
how the control points are selected (in this case it is assumed 
that the user correctly selected the points) and it does not 
count for the inherent registration inaccuracies between the 
SfM point cloud model and the images. Because usually more 
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than the minimum number of control points (three) is 
selected, the selection error is minimized (the probability of 
incorrect selection of all correspondence points is very low). 

TABLE 6 

Registration error measured on reconstructions shown in FIG. 25. 

BIM- BIM 
RH point cloud point cloud Point clouds (a) 

Project Test Case # (9-a) (9-b) and (b) 

ImageSize 2144 x 1424 1715 x 1139 
RHii.2 # of feature 62,323 43,400 

points 
RH#3 # of corresp. 7 7 Randomly chosen 

Points by ICP 
Aenn 0.20 mm 0.65 mm 0.43 mm 

BIM- BIM 
SD point cloud point cloud Point clouds (e) 

Project Test Case # (9-e) (9-f) and (f) 

ImageSize 2144 x 1424 2573 x 1709 
SD #1 # of feature 61,638 31,661 

points 
SD #2 # of corresp. 9 9 Randomly chosen 

Points by ICP 
Aenn O.73 mm 0.69 mm O.70 mm 

0211 FIG. 29 illustrates reasonable reconstructions that 
are generated from the dataset. These datasets contain images 
that show a wide-range view of the construction site as well as 
detailed images that are suitable for precise visual observa 
tions for quality control and safety. The interactive Zooming 
technique implemented in the system allows these images to 
be thoroughly visualized in conjunction with the underlying 
3D point cloud model as well as the 3D expected as-planned 
model. 
0212. Observed/Perceived Applications and Benefits of 
the DAR System 
0213. A motivation for developing the DAR system was 
to generate a system that geo-registers spatial as-built and 
as-planned models, allowing construction progress to be 
measured, analyzed and communicated. However, the avail 
ability of various perspectives of the planned model, as-built 
cloud and site imagery, and the preliminary observations on 
testing/utilizing DAR in RH and SD case studies implies a 
set of applications for the proposed system. Before discussing 
observed/perceived applications, it is worth noting that 
within the DAR system, new progress photographs can be 
instantly registered. First, the user can open a set of progress 
images, and position each image onto an approximate loca 
tion on the as-planned model. After each image is added, the 
system estimates the location, orientation, and focallength of 
each new photo by running the SfM algorithm. In this case, 
first key points are extracted and matched to the key points of 
the cameras closest to the initial location; then, the existing 
3D points corresponding to the matches are identified; and, 
finally, these matches are used to refine the pose of the new 
camera. This camera locating process by itself allows those 
areas that are not comprehensively photographed to be further 
photographed on-demand and be quickly added to the overall 
reconstructed scene. Below is a list of observed and perceived 
applications of the DAR system 2000. 
0214) Progress Monitoring and Revising Work Schedule 
0215 (1) Remote Monitoring of as-Built Construction. 
0216. The as-built visualization system allows project 
managers, Superintendents and other project participants to 
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virtually walk on the construction site, as of the time the scene 
has been reconstructed and locate themselves in those posi 
tions that progress imagery has been taken. Such an interac 
tive user walk-through allows progress to be perceived easily 
and quickly away from the hustle and bustle of the construc 
tion site activities. It also allows the as-built progress be 
compared with the as-planned 4D model, serving as a base 
line for visualizing progress deviations. In this way, behind, 
on-schedule and ahead-of-Schedule elements may be color 
coded according to the color spectrum presented in (Golpar 
var-Fardet al. 2009a), best seen in FIG.29 by shading (and by 
color in the original). 
0217 
0218. The underlying basis of the system that visualizes 
the 4D, as-planned model allows promptlook-ahead schedule 
updating. Based on observations of as-built progress, com 
pleted construction process and the conditions under which 
they were completed, as well as the way resources were 
allocated can be understood. Comparing the as-built obser 
vations with the 3D planned model, allows different alterna 
tives to be studied over the 4D model. It further allows con 
structability analysis to be performed in presence of the 
as-built imagery and this may enable better decision-making 
during scheduled revisions by extending application of the 
4D model. 

0219) 
0220. One application of visualizing the as-built model 
using point cloud model along with imagery is to facilitate 
remote visual quality control. For example, in the case of the 
Student Dining project, the condition of finished surface of 
the wall is visualized through one of the geo-registered 
images. As shown in FIG.30, this area of the wall has suffered 
from a poor vibration during placement of the concrete and 
further finishing needs to be conducted to provide the accept 
able quality of the exposed architectural surface. Availability 
of the as-planned model as an underlying component allows 
specifications attached to the element to be extracted and used 
for quality control purposes. Providing an interactive Zoom 
ing ability in this D'AR project allows participants to not only 
study the quality from a very close range, but also to carefully 
count for provisional factors. Such imagery can also serve as 
a proper contemporaneous record for an as-built project that 
could be useful for coordinating reworks especially under 
remote conditions. 

0221) 
0222 Another observed application of visualizing an as 
built model using a corresponding point cloud model along 
with real-world imagery may be to facilitate offsite safety 
management and education. FIG. 30 also illustrates an 
example where rebar caps may need to be placed over wall 
reinforcement at the entrance of the jobsite. Such interactive 
Zooming ability allows these cases to be remotely analyzed by 
safety inspectors and can potentially lessen frequency of on 
site safety inspections. It can also be used as an effective 
safety education tool if enough photographs during safety 
irregularities are taken and those scenes are reconstructed. 
Another safety example is FIG.31(a) wherein the trench area 
is reconstructed. In this case, a safety inspector may remotely 
measure the depth of the backfill from the reconstructed point 
cloud model and registered image, and if is identified to be in 
excess of an unsafe depth, may report to the site to restrict 
access to the area with safety barriers. 

(2) Facilitating Schedule Revisions. 

Quality Assurance/Quality Control 

Safety Management and Education 
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0223 Site Layout Management/Analysis of Construction 
Operation Alternatives 
0224. The ability to observe a visual of the as-built scene 
together with animations of expected construction (either 
operational details or logistics of temporary resource loca 
tions and temporary structures) allows construction opera 
tions and site layout to be studied remotely. Although 4D 
models or visualization of discrete event simulated operations 
by themselves may serve for Such purposes, using imagery in 
conjunction with those models not only allows photorealistic 
scenes to be rendered and studied realistically, but also mini 
mizes the time and effort needed to create those models, 
which consequently makes their application more attractive. 
Hence, it potentially increases usability of Such analysis. 
0225 Remote Decision-Making and Contractor Coordi 
nation Meetings 
0226. Other observed benefits of the DAR modeling sys 
tem in implementation of the prototype for Student Dining 
and Residence Hall projects include: 
0227 (1) Minimizing the Time Required to Discuss the 
As-Built Scene. 

0228 Project managers and Superintendents spent less 
time discussing or explaining progress. Rather, they spent 
more time on how a control decision could be made. Further 
more, a reconstructed as-built scene and geo-registered 
images allow workspace logistics, and even productivity of 
workforce and machinery to be remotely analyzed. Such an 
as-built system was especially beneficial in weekly contractor 
coordination meetings as the workspace was navigated 
through the virtual world and consequently more time was 
spent on decision-making tasks as opposed to describing and 
explaining the situation using traditional 2D representation 
tools. An observed example of application of as-built models 
for facilitating discussions is illustrated in FIG.31(b). In this 
case, a section of the foundation (pointed to within the circle) 
was not formed by the concrete contractor. Consequently, 
Such an augmented image was generated by the construction 
management team to highlight the foundation sections that 
needed to be placed. The expectation was that this issue can 
potentially be a source of conflict but this simple visualization 
considerably facilitated the discussion to the extent that con 
crete foreman commented that “I can clearly see it now.” 
0229 (4) Significant Cut in Travel Time and Cost of 
Project Executives and Architects. 
0230 Project executives and architects can study the 
reconstructed Scene and geo-registered images, instead of 
spending time and money in traveling to the jobsite. For 
example, Turner Construction project executives need to 
Supervise several projects at the same time. Thus, they need to 
frequently travel to these jobsites, which might not be in close 
proximity to their main offices. Such remote interactive tool 
becomes very effective as it allows them to stay in their 
offices, remotely walkthrough the site, and perform an over 
all visual Supervision. It can also make Such Supervisory 
walk-through more frequent and keep the project on Sched 
ule. The reconstructed Scene with as-built progress imagery 
can be even more beneficial, when the possibility of quickly 
adding new photographs to the system is considered. Even if 
a perspective of interest is not registered within the recon 
structed Scene and is not present in geo-registered image 
dataset, the user (i.e., owner, project executive, or the archi 
tect) can request the specific scene of interest to be photo 
graphed. Those photographs can be quickly and automati 
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cally geo-registered within the scene, significantly 
facilitating progress in communication and taking needed 
actions or corrections. 
0231. Integrated visualization of as-built and as-planned 
construction may enhance identification, processing and 
communication of progress discrepancies and may serve as a 
powerful remote project management tool allowing all sorts 
of on-site observations (quality control, safety management, 
site layout management) to be performed remotely. To that 
end, DAR (4D Augmented Reality) models may be devel 
oped, and explored in detail herein includes the application of 
unsorted daily progress photograph collections available on 
any construction site as an easy and ready-to-use data collec 
tion technique. 
0232 Based on computing from the images themselves, 
photographer locations and orientations, along with a sparse 
3D geometric representation of the as-built site makes pos 
sible use of daily (progress) photographs and Superimposition 
of the reconstructed Scene over as-planned 4D models. 
Within Such an environment, progress photographs may be 
registered in the virtual as-planned environment, which 
allows a large, unstructured collection of daily construction 
images to be sorted, interactively browsed and explored. In 
addition, sparse reconstructed scenes may be Superimposed 
over each other, generating 4D as-built models. Such 4D 
as-built models are in turn Superimposed over 4D models, 
allowing site imagery to be geo-registered with the 
as-planned components. Such Superimposition facilitates an 
all-integrated, sequential representation of construction to be 
generated; model-based computer vision recognition tech 
nique to be used and automatic extraction of progress/safety/ 
quality data to be further explored. The DAR may serve as a 
robust onsite and remote tool for contractor coordination and 
communication purposes. The preliminary results show 
observed and perceived benefits as well as future potential 
enhancement of this new technology in construction, in all 
fronts of remote onsite project management, automatic data 
collection, processing and communication. 
0233 FIG. 32 illustrates a general computer system 3200, 
which may represent the system 200 of FIG. 2 and/or the 
system 2000 of FIG. 20, or any other computing devices 
referenced herein. The computer system 3200 may include an 
ordered listing of a set of instructions 3202 that may be 
executed to cause the computer system 3200 to perform any 
one or more of the methods or computer-based functions 
disclosed herein. The computer system 3200 may operate as 
a stand-alone device or may be connected to other computer 
systems or peripheral devices, e.g., by using a network 3210. 
0234. In a networked deployment, the computer system 
3200 may operate in the capacity of a server or as a client-user 
computer in a server-client user network environment, or as a 
peer computer system in a peer-to-peer (or distributed) net 
work environment. The computer system 3200 may also be 
implemented as or incorporated into various devices, such as 
a personal computer or a mobile computing device capable of 
executing a set of instructions 3202 that specify actions to be 
taken by that machine, including and not limited to, accessing 
the interne or web through any form of browser. Further, each 
of the systems described may include any collection of sub 
systems that individually or jointly execute a set, or multiple 
sets, of instructions to perform one or more computer func 
tions. 
0235. The computer system 3200 may include a memory 
3204 on a bus 3220 for communicating information. Code 
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operable to cause the computer system to perform any of the 
acts or operations described herein may be stored in the 
memory 3204. The memory 3204 may be a random-access 
memory, read-only memory, programmable memory, hard 
disk drive or any other type of volatile or non-volatile 
memory or storage device. 
0236. The computer system 3200 may include a processor 
3208, such as a central processing unit (CPU) and/or a graph 
ics processing unit (GPU). The processor 3208 may include 
one or more general processors, digital signal processors, 
application specific integrated circuits, field programmable 
gate arrays, digital circuits, optical circuits, analog circuits, 
combinations thereof, or other now known or later-developed 
devices for analyzing and processing data. The processor 
3208 may implement the set of instructions 3202 or other 
Software program, Such as manually-programmed or com 
puter-generated code for implementing logical functions. The 
logical function or any system element described may, among 
other functions, process and/or convert an analog data source 
Such as an analog electrical, audio, or video signal, or a 
combination thereof, to a digital data source for audio-visual 
purposes or other digital processing purposes such as for 
compatibility for computer processing. 
0237. The computer system 3200 may also include a disk 
or optical drive unit 3215. The disk drive unit 3215 may 
include a computer-readable medium 3240 in which one or 
more sets of instructions 3202, e.g., software, can be embed 
ded. Further, the instructions 3202 may perform one or more 
of the operations as described herein. The instructions 3202 
may reside completely, or at least partially, within the 
memory 3204 and/or within the processor 3208 during execu 
tion by the computer system3200. Accordingly, the databases 
displayed and described above with reference to FIGS. 2 and 
20 may be stored in the memory 3204 and/or the disk unit 
3215. 
0238. The memory 3204 and the processor 3208 also may 
include computer-readable media as discussed above. A 
“computer-readable medium.” “computer-readable storage 
medium.” “machine readable medium.” “propagated-signal 
medium, and/or "signal-bearing medium' may include any 
device that includes, stores, communicates, propagates, or 
transports Software for use by or in connection with an 
instruction executable system, apparatus, or device. The 
machine-readable medium may selectively be, but not limited 
to, an electronic, magnetic, optical, electromagnetic, infrared, 
or semiconductor system, apparatus, device, or propagation 
medium. 
0239. Additionally, the computer system 3200 may 
include an input device 3225, such as a keyboard or mouse, 
configured for a user to interact with any of the components of 
system 3200. It may further include a display 3230, such as a 
liquid crystal display (LCD), a cathode ray tube (CRT), or any 
other display Suitable for conveying information. The display 
3230 may act as an interface for the user to see the functioning 
of the processor 3208, or specifically as an interface with the 
software stored in the memory 3204 or the drive unit 3215. 
0240. The computer system 3200 may include a commu 
nication interface 3236 that enables communications via the 
communications network 3210. The network 3210 may 
include wired networks, wireless networks, or combinations 
thereof. The communication interface 3236 network may 
enable communications via any number of communication 
standards, such as 802.11, 802.17, 802.20, WiMax, cellular 
telephone standards, or other communication standards. 
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0241. Accordingly, the method and system may be real 
ized inhardware, software, or a combination of hardware and 
Software. The method and system may be realized in a cen 
tralized fashion in at least one computer system or in a dis 
tributed fashion where different elements are spread across 
several interconnected computer systems. Any kind of com 
puter system or other apparatus adapted for carrying out the 
methods described herein is suited. A typical combination of 
hardware and software may be a general-purpose computer 
system with a computer program that, when being loaded and 
executed, controls the computer system Such that it carries out 
the methods described herein. Such a programmed computer 
may be considered a special-purpose computer. 
0242. The method and system may also be embedded in a 
computer program product, which includes all the features 
enabling the implementation of the operations described 
herein and which, when loaded in a computer system, is able 
to carry out these operations. Computer program in the 
present context means any expression, in any language, code 
or notation, of a set of instructions intended to cause a system 
having an information processing capability to perform a 
particular function, either directly or after either or both of the 
following: a) conversion to another language, code or nota 
tion; b) reproduction in a different material form. 
0243 The above-disclosed subject matter is to be consid 
ered illustrative, and not restrictive, and the appended claims 
are intended to cover all Such modifications, enhancements, 
and other embodiments, which fall within the true spirit and 
scope of the present disclosure. Thus, to the maximum extent 
allowed by law, the scope of the present embodiments are to 
be determined by the broadest permissible interpretation of 
the following claims and their equivalents, and shall not be 
restricted or limited by the foregoing detailed description. 
While various embodiments have been described, it will be 
apparent to those of ordinary skill in the art that many more 
embodiments and implementations are possible within the 
Scope of the above detailed description. Accordingly, the 
embodiments are not to be restricted except in light of the 
attached claims and their equivalents, now presented or pre 
sented in a Subsequent application claiming priority to this 
application. 

1. A computer system comprising: 
computer storage for storing an unordered group of images 

obtained from photographs taken at a site; and 
a processor connected with the storage and configured to 

meld together the unordered group of images Such as to 
reconstruct dense three-dimensional (3D) and four-di 
mensional (4D) as-built point cloud models (“as-built 
models') comprising merged pixels from the unordered 
group of images over time, where time is a fourth dimen 
sion added to the three dimensions of the site captured 
from the group of images. 

2. The computer system of claim 1, where the group of 
images comprise low-resolution images that are widely dis 
tributed in the site. 

3. The computer system of claim 1, where the processor is 
further configured to rectify and transform the 3D as-built 
model to a site coordinate system to be jointly visualized with 
a 3D as-planned building information model ("as-planned 
model”). 

4. The computer system of claim 3, where the processor is 
further configured to link a project schedule to the 3D as 
planned model to generate a 4D chronological as-planned 
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model that, when visualized overlaid with the 4D as-built 
model, provides clash detection and Schedule quality control 
during building. 

5. The computer system of claim 4, where the processor is 
further configured to register the unordered group of images, 
which are geo-tagged, with the 4D as-built and as-planned 
models of the site in an augmented reality environment, 
where resultant registrations are usable for mutual spatial and 
temporal comparisons. 

6. The computer system of claim 4, where the processor is 
further configured to track building progress based on an 
application of the unordered group of images to which is 
iteratively added on a daily basis, to update the 3D as-built 
model as compared to the 4D as-planned model. 

7. The computer system of claim 6, where the processor is 
further configured to color code building progress deviations 
of elements of the 4D as-planned model when compared with 
elements of the updated 3Das-built model, comprising apply 
ing different colors to elements in the 3D as-planned and 
as-built models according to a status of as-built progress 
detected within the 4D as-built model. 

8. The computer system of claim 7, where the processor is 
further configured to generate a confidence metric compris 
ing a probability that the color applied to an element to indi 
cate as-built progress is correct, to provide additional data for 
more precise progress monitoring reports. 

9. The computer system of claim 6, where the processor is 
further configured to apply a probabilistic model that 
traverses an integrated scene of the site and labels different 
areas of the integrated Scene according to as-built occupancy 
and as-planned visibility, where the integrated Scene com 
prises an integration of the 4D as-built and as-planned mod 
els. 

10. A computer-implemented method comprising: 
storing in memory multiple unordered images obtained 
from photographs taken at a site; 

melding, with a processor connected with the memory, the 
multiple images to reconstruct a dense three-dimen 
sional (3D) as-built point cloud model (“as built 
model') comprising merged pixels from the multiple 
images in 3D space of the site; 

rectifying and transforming, with the processor, the 3D 
as-built model to a site coordinate system existing within 
a 3D as-planned building information model (“as 
planned model”); and 

overlaying, with the processor in a display connected with 
the processor, the 3D as-built model with the 3D as 
planned model for joint visualization thereof to display 
progress towards completion of a structure shown in the 
3D as-planned model. 

11. The method of claim 10, further comprising: 
transforming the 3D as-built model to a four-dimensional 

(4D) as-built model by updating the 3D as-built model 
with images from newly taken photographs as they are 
stored in the memory, and tracking temporal progress of 
the 3D as-built model as updated. 

12. The method of claim 11, further comprising: 
linking a project Schedule to the 3D as-planned model to 

generate a 4D chronological as-planned model that, 
when visualized overlaid with the 4D as-built model, 
provides clash detection and Schedule quality control 
during building; and 

tracking building progress based on comparing the 4D 
as-built model to the 4D as-planned model. 
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13. The method of claim 12, further comprising: 
registering the multiple images, which are geo-tagged, 

with the 4D as-built and as-planned models of the site in 
an augmented reality environment, where resultant reg 
istrations are usable for mutual spatial and temporal 
comparisons. 

14. The method of claim 12, further comprising: 
color coding building progress deviations of elements of 

the 4D as-planned model when compared with elements 
of the updated 3D as-built model, comprising applying 
different colors to elements in the 3D as-planned and 
as-built models according to a status of as-built progress 
detected within the 4D as-built model. 

15. The method of claim 14, further comprising: 
generating a confidence metric comprising a probability 

that the color applied to an element to indicate as-built 
progress is correct, to provide additional data for more 
precise progress monitoring reports. 

16. The method of claim 12, further comprising: 
applying a probabilistic model that traverses an integrated 

scene of the site and labels different areas of the inte 
grated Scene according to as-built occupancy and as 
planned visibility, where the integrated Scene comprises 
an integration of the 4D as-built and as-planned models. 

17. A computer-readable storage medium comprising a set 
of instructions for configuring a construction progress moni 
toring system executable by a computing device having a 
processor and memory, the computer-readable medium com 
prising: 

instructions to store in the memory multiple unordered 
images obtained from photographs taken at a site in 
response to user inputs requesting to store the photo 
graphs; 

instructions to direct the processor to meld the multiple 
images together from memory to reconstruct a dense 
three-dimensional (3D) as-built point cloud model (“as 
built-model') comprising merged pixels from the mul 
tiple images in 3D space of the site; 

instructions to direct the processor to rectify and transform 
the 3D as-built model to a site coordinate system exist 
ing within a 3D as-planned building information model 
“as-planned model); and 

instructions to direct the processor to overlay, in a display 
connected with the processor, the 3D as-built model with 
the 3D as-planned model for joint visualization thereof 
to display progress towards completion of a structure 
shown in the 3D as-planned model. 

18. The computer-readable storage medium of claim 17, 
further comprising a set of instructions to direct the processor 
to transform the 3D as-built model to a four-dimensional (4D) 
as-built model by updating the 3Das-built model with images 
from newly taken photographs as they are stored in the 
memory, and tracking temporal progress of the 3D as-built 
model as updated. 

19. The computer-readable storage medium of claim 18, 
further comprising a set of instructions to direct the processor 
tO: 

link a project schedule to the 3D as-planned model to 
generate a 4D chronological as-planned model that, 
when visualized overlaid with the 4D as-built model, 
provides clash detection and Schedule quality control 
during building; and 

track building progress based on comparing the 4D as-built 
model to the 4D as-planned model. 
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20. The computer-readable storage medium of claim 19, 
further comprising a set of instructions to direct the processor 
to register the multiple images, which are geo-tagged, with 
the 4D as-built and as-planned models of the site in an aug 
mented reality environment, where resultant registrations are 
usable for mutual spatial and temporal comparisons. 

21. The computer-readable storage medium of claim 19, 
further comprising a set of instructions to direct the processor 
tO: 

color code building progress deviations of elements of the 
4D as-planned model when compared with elements of 
the updated 3D as-built model, comprising applying 
different colors to elements in the 3D as-planned and 
as-built models according to a status of as-built progress 
detected within the 4D as-built model; and 

generate a confidence metric comprising a probability that 
the color applied to an element to indicate as-built 
progress is correct, to provide additional data for more 
precise progress monitoring reports. 

22. The computer-readable storage medium of claim 19, 
further comprising a set of instructions to direct the processor 
to apply a probabilistic model that traverses an integrated 
scene of the site and labels different areas of the integrated 
scene according to as-built occupancy and as-planned visibil 
ity, where the integrated Scene comprises an integration of the 
4D as-built and as-planned models. 
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